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1.0

INTRODUCTION - OBJECTIVES AND OVERVIEW OF ACCOMPLISIMENTS

The subject matter of the study conducted during the reporting period
is the application of decision theoretic techniques to the design of
biological experiments characterized by high cost, a relatively high
degree of uncertainty about the correct functioning of the observational
equipment, and a relative lack of antecedent informmation regarding the
probable space-time distributions of the property or properties to be
observed,

The objective of the now completed first phase of the study was to
determine whether useful applications of statistical decision theory
could be made to problems associated with the Martian biological explo-
ration program.

Essential to the decision theoretic approach is the assumption that
one is confronted with a set of alternative possible acts and one wishes
to know which to choose, and that although one may not be able to predict
with certainty what the outcome of each act may be, one can nevertheless
specify the possible outcomes of each act. Associated with each act is
an investment cost which must be paid if the act is chosen, and this cost
is assumed to be known., Furthermore, it is assumed that one can assign
to each outcome a utility, which is the value which would be realized
by the decision maker if that outcome occurs., If the probability of

occurrence of each outcome is known, then the expected value of each act

may be expressed as the sum of the products of the utility of each out-

come and its probability of occurrence given that the act is chosen.

1-1
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statistical decision theory concerns strate;jies for maximizing the
exnected value per unit investment in a variety of circumstances char-
acterized bv differences in the shanes of the utilitv functions defined
over sets of outcomes and varying degrees of uncertainty regarding the
probability of occurrence of cach of the various outcomes.

In order to anply statistical decision theoretic techniques to rcal
decision problems it is necessary to "structurc" the latter bv identifving
the altemative decisions which could be made in terms of their costs
and their associated possible outcomes, specifying the true or assumed
probability distributions defincd over each set of outcomes, It is also
necessary to exnress in common terms the value of each of the outcomes
of each of the acts. The decision nroblems which are traditionallv most
amenable to these amnroaches are thosc in which both the costs of the
acts and thc values of the outcomes can be expresécd in temms of dollars,
and where there is some way of validating, at least intuitivelyv, the
assumed probability distributions defined over the scts of possible out-
comes.

The value of cach of the nossible results of an exneriment under-
taken to increase knowledze about fartian hiologv is not readilv exnressed
in tems of financial rewards; althouch dollar costs can be associated
with alternative exncrinents or ex»erinental desizns, the most imnortant
resources invested in taem mav not be a function of dellar cost but,
rither, one nf weisht and size of tne exnerimental amaratus itself, and
tiic oortimity to send this exnerinent rather than another one to Mars

on a4 riven iission,
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Prior to initiating this study it was proposed that these decision
techniques might find useful application in making decisions about
alternative designs for experiments to test a given hypothesis under the
assumption that the jmportance of testing this hypothesis was already
known, That is, we assumed that there was some agreement as to which
were the most useful phenomena to study first, and supposed that the
value of the information which could be provided by alternative exneri-
mental approaches might be expressible in terms of the probability that
statistical inferences based on their results might be wrong in one of
the two following ways:

The hynothesis under test might be rejected when it was in fact

correct, or,

The hvpothesis under test might be accepted when in fact it was false.

Early during the reporting neriod it was detemmined that the funda-
mental assumptions which the principal investigators had made were not
valid, These assumntions are (1) that there was agreement as to the
relative imnortance of the alternative exneriments under consideration,
and (2) that the objectives of each of these exneriments could be char-
acterized in tems of specific hypotheses to be tested or magnitudes to
be estimated (and, consequently, procedures for intérnreting the results
of these experiments and relating the data gathered by them to inferences
rezarding Martian biota had been zenerated). Consequently, the study
efforts were temmorarily redirected toward what appeared to be a more
useful and nressing decision nroblem, that of identifyving and attempting

to annly the criteria which ought to be emploved in making a selection

1-3
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1.1

from an alternative set of available exneriments from those which ought
to be undertaken first, The opnortunity to study this problem and to
attemnt to contribute toward its solution, was nrovided bv Dr, fGeorge
ilobby of the Space Sciences Division of .Jet Pronulsion Laboratories,

who invited the principal investigators to participate in the .JPL studv
of a Minimum Acceptable Biological Payload. A major portion of the study
efforts conducted during the reporting period consisted of or derived
from participation in this JPL study, the results of which have been
nublished elsewhere. The primarv outnut of.this narticipation consisted
of the develonment of an informal statistical decision model of the
experimental sclection nroblem which is reported in section 2 of this
document.,

Because the remaining studies completed or initiated during the
reporting period were selected as a result of the conclusions formulated
bv the nrincipal investigators during their narticination in the Minimum
Accentable Biological Payload Study, the results of this participation
will be briefly summarized here.*

JPL Studv Participation

during their »articination in the JPL studv of a “finimum Accentable -
Biological Payload, the nrincipal investigators were concerned with
explicating and critically reviewinz »nrocedures for cvaluation alternative

mixes of experiments which could be incorrorated in a "minimum' »avload,

*The oninions of the nrincinal investigators and the conclusions thev

formulated as a result of the .JPL narticination should not be internreted
as necessarilv reflecting the nosition of the JPL committee., This
Jdocument has not been reviewed by Dr, liobbv, Furthcmore, since much of
the material was develoned in part as a result of close collaboration with
nersonnel of JPL, the material should also not be viewed as original
contributions of the nrincinal investigators.

1-4
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1.1.1

1.1,2

1.1.3

and with comparing the relative advantages of "minimum' payload strategies
with'maximum' payload (ABL) strategies. The informal decision theoretic
model annlied to these problems suggested a selection of exneriments on
the basis of the following desiderata.

The "cost" of each experiment as a function of the weight of the
experimental equipment (including the weight of the required data trans-
mission system and power supply) and the time and dollar cost of
developing and testing the corresponding instrumentation.

The "utility" of particular experimental results as a function of
the extent to which those results would increase knowledge about Martian
biology, under the assumption that the experiments are designed so that
the data provided by them can be unambiguously and reliably interpreted
so as to support or reject relevant hypotheses regarding Martian biota,

The probability distributions defined over sets of results of experi-
ments, as interpreted in terms of '"a priori" rrobabilities which could
be assigned to the occurrence of those results in the light of our
present scanty knowledge of Mars,

These considerations cannot be explicitly and objectively emploved
in selecting exneriments at this time because the available exnmeriments
have not been develoned to a point which makes the evaluation of these
factors possible, The objectives of the experiments cannot readilv be
characterized in terms of hvnotheses to be tested or magnitudes to be
estimated and the classes of inferences to which alternative sets of
results might give rise cannot be readily specified. Similarly, the

instruments to be cmnloved have not bheen sufficiently develoned to nermit
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1.2

1.3

1.4

estinates of their "costs" in relevant terms of weight and nower, or of
their capabilities in terms of liability to specific types of error,
Consequently, the principal investigators devoted some effort to analyzing
certain specific classes of experiments in terms which would nrovide
insight into problems of making such experiments reliable and detemmining
the tynes of inferences to which their results might give rise and the
kinds of costs associated with conducting them. These efforts included
the following:

Analysis of Problems of Reliability

The reliability of an experiment is a function of manv variables.
One of the efforts completed during this remorting neriod consisted of
reviewing many error sources and developing a theoretical nresentation
of the tynes of problems that might be encountered in controlling errors,
with special emnhasis on "errors of the third tvme,'" the seriousncss of
which primarily derives from the fact that experiments are conducted
automaticallv in a remote location.

Simulations of Growth and ‘letabolism Ex»meriments

Two simulations of growth and metabolism-tvme exneriments werc con-
ducted in order to demonstrate the tynmes of desiyn problems resulting
from definable kinds of "error,” includins machine error, measurement
cerror, biological noise, communication error, bias, inoculum nopulation
variability, and zrowth rate variabilitv,

Bandwidth Allocation Problems

Tf the weisht of an ex~eriment is limited and data transmission must

be nowercd by internal nower sunnlies (i.e., batteries), then the numader

1-6
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1.5

1.6

ci bits necdeduto transmit observations becomes an immortant cost factor,
Since tae value of such results in sunporting relevant avmotheses is, in
part, a function of how accurately they are known and the availability

of information regarding the conditions under which these results were
obtaiped, it is important to determine how best to use a limited bandwidth
capabilitr, Consequently, some attention was devoted to identifving the
factors which must be taken into consideration in determining how manv
bits is enough and how many is too few.

Sterilization Policies and their Imnlementation

Certain »olicies regarding the likelihood of contamination of ‘ars
resulting from the landing of inadenquately sterilized snacecraft have
been formulated. Sterilizing a spacecraft tends to degrade the nerformance
of its comonents. Testing so as to insure that a given level of sterili-
zation has been achieved by the sterilization »nrocedures emnloved is
exnensive and time consuming, Thus achieving a gpiven level of sterili-
zation entails costs in the form of »erformance degradation, money and
time, and alternative imnlementation nrocedures mayv varv with resnect
not onlv to these costs, but also in res»mect to their efficacv, which mav
be exnresscd in terms of the nrobability that a ziven »olicv will be
satisfied. Some effort was devoted durin; this remortinz neriod to
exnlicating the facters which must be considered in evaluating sterili-
zation rocedures,

Analvsis of Visual Exneriments

Visual reconnaissance exnerinients desianad to nrovide =ictures on 2

Microsconic or macrosconic scale are amony the most annealing of the
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experiments proposed., Evaluating such exneriments in terms which make
them cormarable to other exobiological exneriments is not an easy task,
nrimarily because it is difficult to express the functions of such
experiments in terms of hypotheses which they can be said to test, or to
compare alternative kinds of visual reconnaissance exneriments in terms
of the value with respect to the over-all success of the experiment
contributed by alternative ways of implementing them. One of the efforts
undertaken during the reporting period resulted in a specification of
different ways in which visual reconnaissance experiments could be
implemented and of certain of the factors which should be considered in
comparing the nrobable scientific value of such alternative irmlementations,

1.7 Statistical Definitions of Life-Likeness

One of the most difficult problems associated with planning the
Martian biological exploration program derives from the fact that life,
if it exists on Mars, might not be recognizable as such because it exists
in a form which does not occur on earth. Presently most life detection
experiments are designed to detect Martian life only if they share certain
snecific nroperties with terrestrial life forms. One general property
cormon to all terrestrial life is 'negentropy" which in turn is exnressed
as orderliness., One of the activities undertaken during the reporting
neriod was a joint effort with .7, E, Lovelock* designed to attemmt to
develon some useful statistical tests which might be used to generate a
measure of the amount of "order" nresent in a sammle of ‘lars as a function
of the likelihood of, e.z., the observed combination of chemical and ohvsical

nronerties in terms of which one or more ex»erimental nrocedures misht char-

acterize that samle,
*Iniversitv of llouston, liouston, Texas

1-8




-

HAMILTON STANDARD
DIVISION OF UNITED AIRCRAFT

2.0 DECISION THEORETIC APPROAGI TO SELECTION OF EXTRATERRESTRIAL LIFE DETECTION
STRATEGY

2.1 Background

The concepts presented in this document were developed while the
authors were participating in a study conducted at Jet Propulsion Labor-
atories to define a minmum acceptable payload for the biological explora-
tion of Mars. The objective of this study was to identify and recommend
an initial scientific payload consisting of a set of instruments to be
landed on Mars at an early date. A fairly wide variety of candidates
for inclusion in this payload are "available" in the sense that they are
currently under development or appear to be developable in time to in-
clude in the first payload. The problem was to identify that mix of
experiments which seemed to represent the best bet for returning the
greatest amount of useful information regarding the biota of Mars and
which also satisfied the constraints implicit in the specification that
the payload be a "minimum" one and that it be ready for launching during
the %9 or 71 opportunities, Although the concept of a "minimum payload"
was not a clearly defined one at the initiation of the study, it never-
theless was interpreted as being a payload which is small in volume and
weight (and, as a consequence, of limited complexity both in respect to
the number and variety of experiments which could be included and to the
sophistication of any on-site data processing and control procedures that
could be employed.) It was also supposed that a minimum payload should
be the first in a sequence of scientific payloads, Although a very large

number of considerations are relevant to the determination of the best

to
'
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mix of instruments to be included in the payload, one may usefully dis-

tinguish between those which concern the practicability of a given instru-

ment as a piece of hardware, and those considerations which relatec to the

scientific value of the experiment in terms of the expected increase in

knowledge which might result from including it in a payload. The practi-
cability of an instrument is a function of its weight and size, the 1likli-
hood that an adequately tested flyable version will be recady in time, the
cost of the equipment and its related development program, and the engin-
eering reliability of the device. That an instrument be practicable in
this sense is a necessary condition for its inclusion in an initial pay-
load,

The scientific value of an experiment or an experimental strategy
is less easy to define, but it is fundamentally a matter of how much a
given observation or set of observations would increase knowledge of
Martian biology and how likely it is that those observations will in fact
result if the experiment is conducted,

The primary focus of the efforts of the principle investigators
(and of the study group as a whole) was on questions of scicentific value
of alternative experiments and experimental strategics, Questions of
engineering practicability received less attention ét this time for two
reasons:
1. kLngineering data nccessary for determining the practicability of the
various candidate experiments was not available because none of the cx-

periments had reached the requisite development state.
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2. Strong claims regarding the scientific value of alternative experi-
ments had been made by various participants in the program. Despite the
fact that there is little uniformity of opinion regarding estimates of
scientific value, decisions regarding the direction of the program appear-
ed to be necessary, and it secmed as if these decisions would be based
primarily on considerations of scientific value,

Although it was considered desirable that the JPL study group pro-
duce a sct of recommendations which specified in as much detail as possible
the components of the net electronic payload and the corresponding space-
craft/booster systems and mission profile, the objective was not a practi-
cal one given the lack of relevant hard data and manpower for such a de-
sign effort. More important, the basic decisions regarding the direction
of the program for which this study was expected to provide some input
did not concern the detail of a specific mission, but rather more far-
reaching and general policy decisions regarding certain major cost and
lead time items and, implicit in these decisions, the objectives of the
early phase of the program, its cost, and duration, Thus, a basic question
is that of the relationship between the scientific value of a payload and
1ts size. The tasks assigned the JPL study group included the definition
of a minimum acceptable biological payload and a comparison of this minimum
pavload with a highly integrated, automatic,non-minimum payload. Although
completion of these tasks would obviously not provide a definitive answer
to the question of the relationship between size and scientific value, it
nevertheless was expected that a careful attempt te specify and evaluate

a ninimum pavload would provide considerable insight into this relationship,

tJ
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2.2

and that,whether or not the recommendations of the study group were accepted,
the precess of critically reviewing these recommendations would at least
clarify many aspects of this important question,

ROLE OF STATISTICAL DECISION THEORETIC CONCEPTS IN THE DESIGN OF A MINIMUM

PAYLOAD,

The fundamental problems associated with selecting and defending a
payload for the biological exploration of Mars arise from the fact that
we know very little about the planet Mars and from the fact that contem-
porary biology, as a scientific discipline and a body of knowledge, is
fundamentally earth-oriented and offers little guidance regarding the
nature of the life forms which might be consistent with the Martian en-
vironment as that environment is inadequately understood, The limitations
of available knowledge of Mars and the fact that, in view of the known
differences between Mars and earth, most potentially useful extrapola-
tions from earth-oriented biology arc at best of questionable validity
leaves the scientist who wishes to produce an accurate, or, at best, plau-
sible cvaluation of alternative experimental payloads with few firm grounds
on which to base any conclusions, Conjecture, intuition, and opinion that
is not recadily supported by hard fact must of necessity play a major ex-
plicit role in arriving at any conclusions. Reccgnizing this fact, the
members of the JPL study group felt that an attempt to apply certain con-
cepts developed specifically for application to problems of decision mak-
ing under uncertainty might prove beneficial, if not by providing formal

decision mechanisms, at least to the extent of providing a set of concepts

in terms of which this very complexnroblem might be usefully structured,
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The primary advantage of this conceptual approach lies in the fact
that the theory was developed as a technique for expressing and comparing
alternative decisions whose consequences are not known with certainty,
Essential to the decision theoretic approach is the assumption that one
is confronted with a set of alternative possible acts and wishes to know
which to choose, and that although one may not be able to predict with
certainty what the outcome of each act may be, one can nevertheless
specify the possible outcomes, Furthermore, it is assumed that one can
assign to each outcome a utility, which is the value of the outcome to
the decision maker, If the probability of each outcome is known, then

the expected value of each act may be expressed as the sum of the pro-

ducts of the utility of each outcome and its probability of occurrence
given that the act is chosen. Statistical decision theory concerns strat-
egies for maximizing expected value in a variety of circumstances character-
ized by differences in the shapes of the utility functions defined over

the sets of outcomes and varying degrees of uncertainty regarding the
probability of occurrence of each of the various outcomes.

In an attempt to identify those frequently elusive factors which
appear to contribute to the "'scientific value'" of an experiment, members
of the study group analyzed the two primary experimental strategies under
consideration and the types of arguments urged by individuals who advo-
cate each. It was felt that a careful examination of these arguments
might lead to the identification of those critcria which are employed

in making iudgements of relative scientific value,
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The first of thesc strategies may be termed the direct approach to
the question of whether or not life exists on Mars, It consists of focus-
ing on specific biological features by conducting "life detection' experi-
ments which would directly observe essential properties of life such as
growth or reproduction, metabolism, morphology or would attempt to demon-
strate the existence of life by observing biochemical constituents known
to be essential to terrestrial life. The chief appeal of this approach
lies in the fact that in terrestrial laboratories the detection of the
presence of life forms is based on the observation of one or more of these
properties and consequently the observation of similar properties on Mars
would provide the only possible significant and conclusive evidence of life.
Advocates of this approach recognize that Martian life may be so dissi-
miliar to terrestrial life that it cither does not share these properties
with terrestrial life forms, or they are present in a form which is not
demonstratable by means analogous to familiar laboratory techniques. Such
criticisms are countered by the observation that although Martian life
may be different, we cannot either estimate the liklihood that it is
different, not imagine what it would be like and hence could not design
appropriate experiments to detect it; consequently the dircct approach
is best because no alternative approach that has any possibility of yield-
ing conclusive evidence is available,

The other strategy vhich was considered 1s the indirect approach
which consists or first surveving environmental properties of varying de-
arces of biological significance se as to provide a more complete

though crude understanding of thosc physical features of Mars to which
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any life forms must have adapted, or those which might reflect the results
of biological activity., The advocates of this approach are most concerned
with the fact that Martian life forms may not exist at all or mayv exist in
~a form so dissimiliar to terrestrial life so as not to be directly demon-
stratable, Failure to demonstrate the presence of specific life forms
will add little to our knowledge of what may be there. For this reason
they feel that the search for specific life properties cannot be justified
until we have better grounds for supposing that these properties exist and
believe that an examination of environmental features is to be preferred
because it can be guaranteed to provide some useable information even
though that information may not be highly relevant to conclusions about
Martian life.*
The study group considered a number of ways in which these two

approaches might be implemented in terms of the types of observations
which a first payload could be instrumented to make. This leadsto a

rough classification of observations in terms of whether or not they could

*This summary of the two approaches reflects the author's opinion
that a fundamental difference between them lies it the interpretation of the
objectives of the Martian biological exploration program: Implicit in
the direct approach is the assumption that the objective is to detect
life on Mars; the indirect approach assumes that the objective is to ex-
prlore as far as possible all those features of the planet which do or
would affect life on it -- including those which might preclude a biota.
Although it might be plausibly argued that a program which satisfies one
of these objectives necessarily satisfies the other, the question of the
possible differences in the assumed objectives has not, to our knowledge,
received explicit attention. It should be pointed out that we may be
mistaken in our belief that the advocates of the two strategies differ
in their interpretation of program objectives and in the priorities which
are as a result assigned to various of the possible available experiments.

o
1
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in principle provide conclusive evidence of Martian life, and, if not,

in terms of the degree of biological significance of the inferences to
which they might give rise, A careful analysis of the pro and con argu-
ments associated with each of the strategies and with the corresponding
classes of experiments resulted in the formulation of a set of scientific
selection criteria which correspond to the considerations most frequently
brought foreward in citing the advantages and disadvantages of different
ways in which the search for extraterrestrial life may be implemented.
This exercise resulted in a somewhat redundant (i.e. overlapping) set of
six factors which are most often cited in arguments about the relative
scientific merit of alternative experiments. Because they are often

referenced in connection with the experiment selection problem, these factors

may be provisionally referred to as scientific selection criteria. (That

they in fact turn out frequently to be unuseable as such, and therefore
ought not to be relied upon is one of the conclusions resulting from the
particular model of the experimental selection problem developed)., Their
chief value lies in the fact that they highlight the basic differences
between the two expcrimental sfrategies described above., They are ideal
criteria in the sense that they would provide valuable guides to the
selection of appropriate experiments on the basis of scientific value if
they could in fact be applicd.

These six "'selection criteria' are:

2.3 SELECTTON CRITERIA

.3.1  Minimun Unsupported Assunptions

Lvery experinment 1s designed so as to be consistent with certain

facts or assumptions regarding the nhenomena to be observed., These
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assumptions are implicit in the experiments in that they provide the
informational background in terms of which the results are interpreted,
The results of the experiment are not determined by the assumptions,
but the design of the experiment, and the interpretations of the results
are,

For example, to conduct an atmospheric analysis implies that the
experimenter either knows or is assuming that an atmosphere exists.
These assumpfions are well supported by available observations and theory,
Those implicit in other experiments may be weakly supported, or not
supported at all in the sense that there may be no relevant facts or the-
ories available,

Assumptions which are unsupported may be more or less restrictive
in that the phenomena to be observed may be highly specific. For ex-
ample, an experiment designed to detect DNA will detect Martian life only
under the assumption that Martian life contains DNA, This assumption is
less restrictive than the assumption that Martian life not only contains
DNA, but is also monocellular, and is characterized by a temperature
optimum in the range of 10 to 20°C. On the other hand, an assumption that
Martian life-forms exchange CO, with the atmosphere and contain polynucleo-
tides of high molecular weight is less restrictive than the assumption that
they contain DNA,

One experiment satisifes the criterion of minimum assumptions better
than another if its assumptions are either more strongly warranted by avail-

able facts or theories, or arc less restrictive than those of the other,

(o)
'
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This criterion is an important one because experiments which do not satis-
fy it are, in general, less likely to return useable information for one
or both of the following recasons:
1. If the assumptions are supported bv available facts or theories we
can conclude that the phenomena to be observed have some probability of
occurring on Mars. llence, there is some likelihood that significant data
will be obtained. The more strongly the assumptions are supported, the
more likely it is that useful measurements can be made., For example, the
assumption that organic matter occurs on Mars is more strongly supported
than the assumption that proteins occur. Hence, available facts and
theories permit us to infer thaﬁ positive organic matter detection is
probably more likely than protein detection and certainly not less likely,
2. If the assumptions are unsupported or only weakly supported, failure
to detect the phenomena to be observed does not contribute to our know-
ledge of Mars because there is usually no way of knowing which of the
assunptions are not valid. Geocentric life-detection experiments de-
signed to look for terrestrial-tvpe organisms on Mars are a good example,
These return useful information only if the corresponding life-forms are
observed, Failure to detect them does not permit us to conclude that
they do not exist on Mars,
Criticalness

A fundamental concept emploved in the development of the scientific

selection criteria is that of the critical question. A critical question

is one the pregram is designed to answer, and there arc as many critical

cuestions as therc are distinguishable program objectives. The results
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of an experiment are critical to the extent that they provide information
about the existence or nature of life on Mars, Thus, any experiment which
has a rotential for providing conclusive evidence of Martian life is very
critical; experiments which cannot completely answer a critical question
are critical to the extent that they support reasonable inferences regard-
ing the probablec existence of Martian life or its nature, Thus, critical-
ness corresponds in many respects to what has been termed '"biological
interest" or "degree of biological significance'" and it is a function of
the kinds of inferences which might be drawn from observational data. It
is important to recognize that criticalness is not a function of the likli-
hood that critical results will be obtained, but rather a matter of the
degree of significance which might be attached to those results if they
were obtained.

Although the relative criticalness of an observation or set of
cbservations is the most important and frequently cited desideratum in
judging scientific value, it is almost impossible to estimate by objective
means which of two conclusive life-detection experiments is the more criti-
cal, or more important, to say how critical observations of environmental
parameters might be, In order to estimate in advance of performing the
environmental observations how significant the inferences drawn from
then would be, it is necessary to be able to list all the possible self-
consistent sets of observations which might be made and to identify the
inferences which would be drawn from each., This clearly cannot be done,

But it does not iollow that if 2 set of chservations were available to
biologists thev are unlikely to be able to draw significant and important

conclusions trom them,
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2.3.3

The major advantage claimed by advocates of the direct strategy is
the high degree of criticalness of the conclusive life-detection experi-
ments, The major weakness of arguments in favor of the indirect strategy
is the fact that its advocates cannot prove that environmental observations
will increase knowledge of the nature of likelihood of Martian life,

Planning Valuc

One experiment may have planning value for another if, as a result
of conducting the first experiment, we are in a better position to judge
the value or relevance of the second, or can design a better version of
it, For example, a life-detection experiment may have implicit in it a
great many assumptions about the nature of Martian life and the Martian
environment and to this extent may seem a poor choice for inclusion in
an early payload. Another experiment which can test some of these re-
strictive assumptions will obviously have planning value for the life
detection experiment. Planning value is obviously a function of the
kind of inferences which can be drawn from the results of the experiment
and is thus similar to criticalness. A good example of an experiment
which is not very critical but has high planning value, is that designed
to measure background radiation on the surface, because it aids in the
desion of experiments using radioactive tracers,

Experiments which provide information regarding the likelihood that
terrestrial organisns will survive on Mars have planning value becausc
they previde data upon which a satisfactory payload sterilization policy

can be based. The indirect strategy places emphasis on the carly perfor-

mance of experiments with high planning value, a primary objective of which
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is to identify which kinds of conclusive life-detection experiments are
most likely to provide useful results, A disadvantage of the direct strat-
egy is that failure to observe specific life properties would have little
planning value in that they would add little to our knowledge of Mars,

2.3.4 Complementarity

The complementarity criterion applies to sets of experiments which
may be included in the same payload or in successive payloads. Two or
more experiments are complementary to the extent that their results support
one another, Experiments may be complementary in at least two important
and distinct ways. Two experiments designed to estimate the value of the
same parameter by different and independent procedures are complementary;
consistent results pemmit one to conclude that the estimate is reliable
whereas inconsistent results indicate that one is probably a false posi-
tive or negative. Two or more experiments which test different para-
meters are complementary to the extent that the results, considered to-
gether, support inferences that could not be as completely supported by
the results of each considered independently. It is obvious that experi-
ments cannot be complementary unless there are adequate reaons for
supposing that the paramcters observed by each of them are related, or
that these are jointlv related, both theoretically and empirically, to
other parameters about which inferences are drawn.

Advocates of the indirect strategy point out that any obsecrvations
of essential biochemical constituents, growth or reproduction, mectabolism
or morphology must ultimately be supported by complementary observations

of environmental parameters which are consistent with the interprctations
of the results of the lifc-detection experiments,

tJ
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2.3.5

re

(¥

Reliability

The experiments should be designed to make the inferences drawn from
the obsrved samples as reliable as possible. This means that the experi-
ments should be controlled in order to rule out false positives or false
negatives due to unanticipated interfering substances. Bias due to instru-
ment malfunction or improper calibration is a source of unrealiability
which can be partially controlled by monitoring instrument function or
testing with known materials, Random errors due to noise in the instru-
ment, data processing, or telemetry systems are controlled by providing
enough observations., Adequate communication bandwidth must be provided.
It will be observed that experiments involving few assumptions can be
more readily made reliable than those involving many; and that comple-
mentarity in the first sense described above leads to enhanced reliability.

It is obvious that an experiment which is not reliable cannot be said
to be highly critical in that its data do not clearly support any infer-
ence at all,

The reliability of most of the experiments cannot be estimated at
this time because flight prototypes are not available and because data
processing and data communication svstems have not been designed yet.

Contamination

All experiments and payloads must be sterilizable to the degree re-
quired to satisfy policies regarding acceptable levels of contamination
risk., The extent to which experimental instruments can be made tc satisfy

this criterion cannot be evaluated now.
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2.4

Review of Criteria

It will be noted that two of the criteria listed above may be said
to correspond to minimum necessary -- but not sufficient -- conditions
which any experiment must satisfy before it can be considered a candid-
ate for inclusion in a payload. These are the sterilization criterion,
which relates to the extent to which experimental instruments satisfy
the sterilization policy, and the reliability criterion, which concerns
the probable reliability of the various possible inferences to which the
experimental results might give rise. Two criteria -- those of minimum
unwarranted assumptions and planning value -- consider the likelihood
that an experiment will provide data that will support specific useful
inferences. The criticalness criterion considers the differential value
of those inferences in drawing important conclusions about Martian biology
or in planning subsequent manned or unmanned explorations. The remain-
ing criterion -- that of complementarity -- concerns ways in which several
experiments in a single payload or in successive payloads may fit together
sc as to provide rutually supporting observations or to constitute partial
checks on each other,

Although these criteria usefully served to focus attention on what
appear to be real and significant differences between the two experi-
mental strategies, it did not provide a practical guide to the sclection
of a strategv or a payload because it proved very difficult to actually
cvaluate all individual experiments in terms of them, partly because some

of the experiments were insufficiently developed, and partly because some

of the evaluations seemed to require the use of subjective estimates, on
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2.4I1

which little agreement could be expected, An additional difficulty is
due to the fact that the criteria are in fact not separate, but com-
plexely interrelated.

An informal statistical decision model of the payload selection
problem was therefore developed in order to provide a less ambiguous
interpretation of these criteria, to explicate some of their inter-
relations, and, most important, to aid in sorting out those kinds of
judgements which can now be made about alternative experiments from
those which cannot be made at this time, and which should therefore best
be dropped from consideration,

The model which was developed is an informal discursive one. That
is, it consists primarily of a set of definitions in words of basic con-
cepts, and its conclusions consist mostly of inferences developed from
these definitions by means of closely reasoned arguments rather than of
theorems derived from a set of formally expressed postulates. The pri-
mary relevant conclusions which appear to be supported by this modecl are
the following:

1. The most useful criterion is that of reliability. Its utility
derives from the fact that it is widely applicable and the fact that it
specifies a minimum condition which ought to be satisficd by all can-
didate experiments,

2. Relative freedon from unsupported assumptions is positively
correlated with reliability. As a consequence, it makes little scnse

to spcak of the criticalness of experiments which Jo not satisfy this

assumptions criterion because such experiments, on account of their

2-16




HAMILTON STANDARD
Dl\(lSION OF UNITED AIRCRAFT

unreliability, cannot be guaranteed to provide results which support any
inferences at all,

2.4.3 3. Biology is "unconnected" in the special sense that itis rarely
possible to infer, from the knowledge that some biological properties
exist, whether a great many others are more or less likely to co-exist
with them., Although no scientific discipline actually possesses the
character of a hypothetico-deductive system in which all conclusions are
arrived at in a fashion analogous to the derivation of a theorem in a
highly formalized mathematical system, some of them have a distinctly
more formal character than others., Physics and chemistry are frequently
cited examples of relatively formal disciplines and in this respect may
be contrasted with physiology and psychology. In the more formal and
mathematical disciplines there tends to exist a relatively codified body
of accepted theory and implicit translation rules which relate to basic
theoretical concepts to observable phenomena., There 1s as a result some-
what greater agreement among practitioners as to which conclusions follow
or would follow from which observations, and consequently it tends to be
easier to specifiy in advance those kinds of obscrvations which are of
greatest importance in the acceptance or rejection of specifiable hypo-
theses, In saying that biology is "unconnected" wé mean merely that it
is relatively non-formal, An important consequence of this truism is
that it & generally not possible to speak other than metaphorically of the
"amount of information" represented by a given observation because one

can specify neither the "possibility space" of alternative Martian bio-
logies, nor the different inferences to which the alternative possible results
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of a given experiment might give rise. As a consequence, it is generally
not possible to specify in advance on objective grounds the extent to
which specifically biological*experiments satisfy the planning value and
criticalness criteria,

Estimates of the planning value and criticalness of such experiments
must be subjective, and it can be expected that there will be widespread
uniformity of judgement only with respect to those experiments judged to
be of only moderate criticalness (e.g., temperature measurements). This
being the case, the failure of a given experiment to be considered highly
critical does not constitute good grounds for excluding it.,

A parallel consequence of the unconnectedness of biology as a
scientific discipline is that the degree to which experiments of a bio-
logical nature satisfy the minimum unwarranted assumptions criterion can
be estimated only crudely. The only experiments which satisfy this
criterion to a high degree are those which measure physical properties on
a scale which includes a zero point, for such experiments are bound to
provide some information about the state of Mars and to exclude a great many
rossible other states, (A good example of such an experiment is an atmos-
pheric sampler designed to determinc the relative quantities of each of
a number of gaseous constituents: each such constituent is either present

in somc measureable concentration or absent; from the observation that

*The distinction is between experiments involving observations of
biological phenomena and experiments involving measurements of physical
or other non-biological properties which support conclusions about
biology.
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2.5

2.5.1

one mixture is present it is possible to infer the absence of all others).

Decision Model of the Experiment Selection Problem

The decision model developed during the course of the summer study
is briefly presented in this section in non-technical terms. A more for-
mal and more sophisticated model which was also employed in the analysis
of experiment selection problems conducted during the course of the re-
porting period is being prepared for independent publication.

Primitive Notions

Any program of biological exploration of Mars may be viewed as con-
sisting of a sequence of inquiries corresponding to the biological pay-
loads launched toward the target planet at each opportunity. Each pay-
load is an instrument designed to conduct one or more experiments and to
return to earth information regarding the consequences of that experi-
ment. It is useful to construe each such experiment (or, more precisely,
the particular instrument designed to conduct that experiment) as the phy-
sical representation of a question regarding the presence on Mars of a
particular property or member of a set of properties.

Thus, one proposed metabolic experiment can be said to determine
whether, at the time and place of impact, there exists in the sample
collected a sufficient quantity of organisms capableof metabolizing and
fixing a sensible quantity of a detectable metabolic product, In mak-
ing such a determination the instrument which perfomms this experiment
asks whether Mars has the property of causing it (the instrument) to re-
spond in the specified war Since Mars may have this property without

its being observable at the tire and nlace of impact, we may say that the
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instruments are in nrinciple capable of demonstrating the presence of pro-
perties on Mars, but 1ot their absence. (Those few exceptional cases
where the absence of one property can be inferred from the presence of
another are considered separately below in the discussion of the exclu-
sive property detector).

It will be noted thatonceiving of each experimental instrument as
an inquiry regarding the presence on Mars of a single property is a gross
over-simplification of the real situation, in that it implies that each
instrument is capable of providing onlv one bit of information (pro-
perty detected or not detected). Actually, each instrument is more pro-
perly conceived of as estimating the value of one or more parameters, and
the number of possible parameter values that could be distinguised by the
various detectors is generally quite large,

We may arguc that the simplified view of cach instrument as detecting
a binary property 1is not overly unrcalistic by pointing out that the
ranges of possible values of the n - dimensional parameters observed are
often spoken of as divisible into twe classes - those which are and those
which are not biologically significant, since many propertics, if theyv
ae present at all, are present in biologically significant quantities.
Furthermmore, althouph the sensitivity and dynamic range of the sensors
may mahe them canable of distinguishing a large number of paramecter
values, sampling error, telemetry limitations, instrument hias, and the
problem of interfcrence from unanticinated materials vielding false posi-
tives or false negatives will remain very rcal possibilities with cven

the best designed exneriments,  Consequently, inferences based on the

9. _G
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observations will be far less precise than the sensitivity of the sensors
would suggest, and we may safely generalize that the number of parameter
values which can confidently be distinguished is not nearly as large as
might first be supposed.

There is, however, one set of detectors that cannot be so recadily
viewed as binary property detectors. These are those detectors which,
like an atmospheric gas sampler, always give a ''yes' answer in that they
always detect the presence of something on Mars., Wemy examine the prob-
lem represented by this class of detectors by considering the atmospheric
sampler in more detail. The number of different mixtures which can be
distinguished is very, very large, even when allowance is made for various
kinds of errors. Since we can in general infer from the observation of
any one of these mixtures the absence of all of the others, it is not
intuitively satisfactory toonceive of such an instrument as being a binary
property detector. We can accommodate these reasonable reservations by

explicating the special notions of a set of exclusive properties and an

exclusive property detector, This requires dividing the set of possible

mixtures into a fairly large number Kk of subsets Mp, Mz,....Mk each of
which consists of a family of possible gas mixtures such that all of the
mixtures in that family are similar with respect to the biological signifi-
cance and physical implications of the inferences which might be drawn {rom
the observation of any one of the mixtures in the family. Each of the k
subsets then corresponds to a propertv. These properties Mp, May oo o M

are mutually exclusive in that there is only one degree of freedom: cxactly

one of the k nreperties will be detected and the observation of one permits
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tae inference that all the others are absent in the atmosphere in the

inmediate vicinity of the lander. Thus an exclusive property detector

may be thought of as a set of K binary property detectors where the sum

of the probability of occurrence of cach property (pMy + pMy + L.o4pMy) is 1.
At each opportunity one may ask questions about the presence of

properties on Mars, and the problem is to decide which are the best questions

to ask at which opportunities, assuming of course, that there are or could

be more instruments available to be scnt than can be sent at any single

opportunity. Since in general only yes answers constitute useful infor-

mation, the decisions as to which questions to ask is partly a function of

the probability that a yes answer will be received and partly a function

of the relative value of knowledge about the presence of the different

properties (in that, c.g. some properties are more decisive indices of

the presence or absence of life than are others.) Let us ignore for the

time being the question of the relative value of knowledge of different

propertics and consider the factors that influence the probability that

asking a given question will result in a ves answer,

The "question' 1s an instrument which, in order to return an answer
of anv kind, must be successfully transported to Mars, land, and there
survive in satistactory werking order long enough to conduct the experi-

ment and transmit the vesults back to carth., A "question' which Jdoes

this mav be said to be an engineering success and for cach question and

viach launcte orpertunity, there exists some Pyon the range 0 to 1 which

-

neonrehability thant the prebe will be an engineering success,  we

saadl use Pey to denote the nrobability of engineering suciess of the mstru-

ot oahieh detedts tne vreverty g,
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If the probe is an engineering success, it will return a ''yes'' answer
only if Mars has the prorerty in question and if it is detectable at the
time and place that the experiment is conducted. Thus for each question
there is some probability PMi that the corresponding property i exists on
Mars in the requisite time and place such that if the probe is an engineering
success a yes answver will result,

The notion of the probability Py; of occurrence of some property i
on Mars needs some explication, Ideally, one would arrive at an estimate
of this probability by enumerating all the possible states sj, Sj,.s.5p
of Mars that arc consistent with our present knowledge of that planet,
Some of the states in the resulting set S will contain P; and some will
not, If the property Pj is homogeneously distributed in space and time
about the planet, then Py is the relative frequency of states containing
P; in the set S of all states of Mars. If the property i is not homo-
geneously distributed, then one must estimate the likelihood of encounter-
ing Pi in the locations and at the times the instruments are likely to land,
PMi is then the product of the relative frequency of states containing Pj
in the set S and the "encounter probability" of P; in each state. Since
it is impractical if not impossible to enumerate all the conceivable states
of *ars, PMi cannot be readily estimated. The set of properties observed
by the exclusive property detector is a partial exception to this rule
in that the probability that some one of the k properties will be detected
is always 1, altheurh it will often be difficult to enumerate X subsets and
assign appropriate Pys te cach. There are, in addition, other nproperties

about which we alrcadv have some direct or indirect evidence, for whicn

]
to
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noderately accurate and precise cstimates of Py can be generated,

Although the notion of PMi as relative frequency of occurrence of
states containing i in the set S of all states of Mars (modified, if nec-
essary, by estimates of encounter probability) is not one which can in
practice always be evaluated, it is nevertheless useful in that it can
be seen to correspond to the notion of "freedom from unwarranted assumptions',
That is, the hypothesis that a property is present is free from unwarranted
assumptions to thc extent that Py is high. Thus experiments designed to
determine which of a set of exclusive properties occurs on Mars always
satisfy this criterion,

In order to apply a decision theoretic model to decision problems in
cxtraterrestrial biology we must be able to interpret the notion of the
utility U associated with the detection of cach property or set of pro-
perties on Mars, Intuitively speaking, the utility of an outcome of some
act which could be chosen by a decision maker is the advantage accruing
to him of realizing that outcome,*

The purpose of estimating utilities is to permit a comparison of
different acts in terms of the relative advantages associated with their
outcomes, Conseaquently, it is desirable to express rclative advantage in
terms of a vosition on an interval scale., It nust make sensc to say, for

cxanple, that the utility associsted with detecting nroperty x is half that

*The notion of utility nresented here departs somewhat from conven-
tional notions of utility in that we distinguish the advantages (including
noepative enes: of the ressible outcormes of an act from the cests ¢f exe-
cuting that act. e de this hecause we wish to raintain a distinction
between dellar and otherv costs and less tancible utilities, in particular
those coerresrondaine te scientific value.,
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associated with detecting property y and equal to that associated with de-
tecting property z and that, as a consequence, detecting y is equivalent
in utility to discovering both x and z.

Although the concept of utility will not be defined here, we may
provisionally suppose that it corresponds to what might be termed 'rela-
tive scientific value of experimental results', and as such is not un-
related to the concept of criticalness explicated above., Two properties
may be said to differ in criticalness to the extent that evidence of their
occurrence on Mars permits one to draw conclusions regarding the past,
present, or future occurrence of life on that planet. If it is possible
to rank experiments according to their relative criticalness, (and the
use of this concept in arguing about experiments suggests that this ought
to be the case) then it should also be possible to rank them according
to their relative utilities,

We shall assume provisionally that this is the case, and also make
the slightly stronger assumption that utility is measurable on an interval
scale. That is, we assume that we can assign to each property a position
of a utile scale of e.g. 0 to 100 or 1000 utiles, It should be pointed
out that assuming that scaling of criticalness does not require us to
suppose that discovering the presence of two properties, for example glu-
cose and organic molecules of molecular weight in excess of 5000, to which
we nmicht have made utility assignments of 40 and 30 respectively, is the

same as discovering net optical activity, to which we might have assigned

the utility value 70, in the sense that having discovered the presence

of the first two propertics we no longer need to leok for the third,
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To say that the utilities associated with two subsets of properties are
equal does not nean that to know that onc occurs on Mars provides us with
any information regarding the occurrence of the other. (This kind of
value receives another definition below), We also do not mean that the
utility (or criticalness) of an experiment is not a function of our know-
ledge. In general, our estimates of the criticalness of an experiment
will change with increases in knowledge of Mars or of terrestrial biology.
This means that the utility we assign to discovering that Mars has the
property of causing a particular instrument to respond in a specific way
at one opportunity may not be the same as that assigned to it at a sub-
sequent opportunity. The increase in our knowledge of Mars resulting
from the experiments conducted during the first opportunity may causec us
to revise our estimates of the utility associated with the discovery of
that property or some other at the next opportunity. It will be noted
that utility may change with changes in the state of knowledge independ-
ently of shifts in estimates of the probability of occurrencc on Mars

of the property*,

*‘or example, net optical activity is believed to be co-extensive
with terrestrial life in that all biogenic matter exhibits this property
and no non-biogenic material docs. It has also been suggested that tiis
is a necessary proverty of life, but the latter view is not universally
held., [f, in the next few years persuasive cvidence to the effect that
some biogenic matter is racemic and inence net optical activity is not co-
extensive with life becomes available, then the utility of finding this
prorerty on Mars will be reduced, ™m the other hand, the utility of finding
this property on dars could be increased by the development and acceptance
ol a better theorctical basis for suppesing it to be a necessary nroperty
of life.
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The concept of criticalness and its correspondence to utility will
be more carefully reviewed in a sebsequent section, in which we introduce
additional notions of utility, For the present we shall assume that the
concept of criticalness is sufficiently valid to pemit us to assign to
each experimental instrument some utility value on ascale of 0 to 100
which reflects the best estimate, based on our current knowledge, of the
relative criticalness of each of the corresponding properties, We may

then define the theoretical expected value (abbreviated TEV) of the probe

consisting of the ith instrument as the product of'Iﬁﬁ‘and Uj, and we may

define the practical expected value (PEV) as the product of the theoreti-

cal expected value and the probability of engineering success.

TEV;=PM; Uj

PEVy=Py; Uj PEj

We distinguish between these two types of expected value primarily

because it has been suggested that decisions regarding the scientific
value of alternative strategies of inquiry be made, initially at least,
independently of any consideration of factors associated with reliability
and cost, or of rossible "embarrassment factors'" such as looking for some-
thing that is later shown not to exist, or launching a series of engineer-
ing failures. liowever, it is obvious that if estimates of the reliability
and cost of the alternative instrument packages were available then
checices could be made on the basis of practical expected value, and that
useful cost comparisons could bemade in temms of practical expected value
per unit cost (where the cost need not necessarily be a function of doll-

ars spent but may reflect probability of contamination or any other rele-

vant parameter which a decision-maker may wish to minimize).
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An 1llustration of the manner in which theoretical and practical
expected value may be used to rank selection is shown in tables 1 and 2,
Assumed precise and accurate estimates of Pp, U, Pg and dollar cost are
tabulated for five properties together with the corresponding theoretical
and practical expected values and a calculated practical utiles/unit cost
(Put/$), Table 2 shows the different orderings which in this example rec-
sult from the threce different choice criteria. In this example the range
of costs and Pg valuesis not great, and consequently the three orderings
do not differ as radically as they might in a more recalistic cxample.

It will be observed that if one expands the set of alternatives to
include probes consisting of 1, 2, ... n of the set of n available differ-
ent property detectors, the best choice will consist of a package carry-
ing all n detectors if theoretical expected valuec is the only criterion
employed in making the choice. If, however, all have the same probability
of engineering success and cost the same, then the best payload from the
point of view of practical expected value per unit cost will consist of
the single instrument with the highest theoretical expected value., This
is illustrated in table 3, which compares three payloads composed of one
or more of the first three properties listed in table 1. This example
makes the unrealistic assumption that engineering reliability is not re-
duced by integrating the payload, and that the utility of knowing that
three properties co-exist in the vicinity of the lander is not greater
than the utility ol knowing the same three cxist at different times and

nlaces on the planct.,
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TABLE 1
Property Py U Pg $ TEV PEV Put/$§
1 .06 70 .7 30 4.2 2,94 .096
2 .01 90 o7 30 .9 .02 .02
3 .20 16 o7 30 3.2 2,24 075
4 .70 5 .9 35 3.5 3.15 .093
5 .2 18 .8 40 3.6 2.88 072
TABLE 2
Criterion
TEV : Put/$
Property Value  Property Value Property Value
1 4,2 4 3.15 1 .096
5 3.6 1 2.94 4 .093
4 3.5 5 2.88 3 .075
3 3.2 3 2.24 5 072
2 9 2 .62 2 .02
TABLE 3
Components & TEV 2 PLEV 3 SPEV/=§
1 4.2 2,94 30 .096
1§2 7.4 5.18 60 .086
1, 2 &5 8.3 5.80 90 . 004



HAMILTON STANDARD
DIVISION OF UNITED AIRCRAFT

2,5,2  ans
we have nronosed that the decision maker act in such a wav as to
maximize his exnected value. ile will decide which acts to irmlement on
the basis of estimates of P, and U, if he emnlovs the choice criterion
of theoretical expected value, and will also emnlov estimates of Pg and
of dollar or other costs if he uses either nractical exnected value or
value per unit cost as a criterion, We shall sav that Py, Pg, U, dollar

cost, etc., are nlanning parameters and that estimates of their values

constitute a set of planning information items, Given these estimates

the decision maker can rank the nossible acts in order of decreasina
exnected value, of which he will select one or more of the ton ranking
acts, The plan to whicn such a ranking gives rise is the act actuallv
selected, and if the decision maker adheres strictly to his choice
criterion, the nlan will consist of the top ranking item, Iliowever, since
not all factors actually relevant to the decision are formallv taken into
consideration by the choice criterion, the decision maker normallv
emlovs the criterion to identifv a subset of ton-ranking alternatives
and then selects onc from this set on the basis of additional relevant
considerations which are not exnlicitly taken into account bv the
criterion (usuallv because thev cannot be auantitativelv exmressed).,

[t is, therefore, somewhat more realistic to conceive of the nlan

derived from g criterion and a set of »~lannin: information items in teras
of sorwe subset of i ranking items, and to consider the differences
hetween crizeria mul/er sots of -~lannin- information i‘ans in terms of

tae Jdilerences in the identities of the elenents in the sudbset, the
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m17nitudes of the exmected values assizned them, and the rank ordering
defined over them by these differences.

Table 4 shows four assignments of exrected value and the resultinc
orderings defined over the same six acts. Considered from the noint of
view of the identify of the ton ranking three acts, orderings one, two
and four are identical in that all show a, b, and ¢ te be the hizhest
ranking trio, Considered from the noint of view of the actual order,
however, ordering two differs from one and three in that the nositions of
a and b are reversed, These three orderings of all six acts differ
relatively little in that the nositions of no act differs by niore than
one rank, and in this respect ordering three is secen to be radically
different from the otners.

Two nlans which are similar in resrect to the nositions assizned acts
may differ areatly in terms of the differences in value assignments made
to the individual acts., We shall sav an orderin:s is selective to the
extent that these differences are larze in absolute value or in nroportion
to the total range of values renrescnted.* Thus, ordering three is a strict
orderin; in that no two acts are assizned the same value, but the absolute
differences are so slisht as to lead the decision mnker to infer that the
reduction in expected valuc resulting from choosing the second or tae third
ranked act rather than the first is so sli-ht as to make tnem almost a toss
up. The same is true of orderint four, which shows two ties (b and ¢ for
*Telectivity defined in terms of absclute value 1s appronriate only where
we have reason to believe the value units employed in the different

orderings are comparable, If thc scales wwust be normalized by a linear
transformaticn, then selectivity is a function of nronortional difference,
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szcond nlace and d and e fYor fourth) and a difference of onlv three noints
out of a ranze of 72 between the first and second »ositions, Selectivity
is immortant because in zeneral the sreater the differences between
assigned values, the less likelv it is that slight errors in the »lanning
information will result, when corrected, in great differences in rank
order, which is another way of saving that the choice is more obvious.

ne rlan is better than another to the extent that it permits the
decision maker to maximize his exnected utilitv, and a nlan which defined
the correct orderin: but is not selective in that the valuc assignments
are incorrect can be just as misleadinc as one which shows the wrong
order but nhas more accurate value assignments, For examnle, if the value
assignments in orderiny one were the correct ones, then the use of
ordering four might lead the decision maker to sclect act b or act c on
the zrounds that the loss of three noints of exnected value is a verv
slight nenaltv in commarison with other advantages he believes to be
associated with these, As a result he may suffer a lost of 20 or 40 units
of exnected value, If he emnlovs orderint two he is unlikely to choose
c in snite of its advantages and, hence, will suffer a loss of not more

than 20 units of exrnected value.

r‘\LsLL 4

rderin: 1 Irdering 2 Ordering 3 ‘rderin: 4
act value, act value act value act value
a Ny * 70 " 23 2 S1

b 60 1 {1tr c 22 b 7e

C 40 C 30 c 19 c 78

d 10 o 15 a 16 A 6H0

o 3 A 10 9 12 e 60
£ cos e 0 £oo1n
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informational Jependence

Considerations of the scientific value of alternative exnerirments are
usually focused on nuestions of the kinds of inferences to which the
exnerimental data may ;ive rise--that is, on now a given set of obser-
vations mav be interpreted so as to yield conclusions regarding the state of Mars
encountered by the ex»erimental equinment.

In considerinz questions of evaluating altecrnative experiments as a
function of the inferences which mav be drawn from their results, it is
irmortant to distinguish carefullv between at least two internrctation
stens, The first interpretation sten is that whereby the messapes trans-
mitted from the »nlanet are interpreted as describing the state of the
exnerinmental eaquinmnent and the nature of the resnonses of the sensinzy
units included in that equinment. This internretation sten reauires
diaznosina the nature of the resnonse of the on-site mcasuriny equiment
and determining whether this resrmonse accurately reflects the Martian
conditions encountered, or is due to anv of a number of nossible sources
of error., (These »roblems associated with various kinds of reliability
are more corpletely discussed in sections 3, 4 and 5 of this renort.)

If the exneriment is desizned so as to be reliable in the sensc that it is
nossible to distinguish resnonses which may be confidentlv attributed

to nronerties the exveriment was desizned to observe from thosc
attributable to the variocus sources of error, then a sccond internretation
ste can be werformed, This sten consists in concluding from the -resence
or absence of thic »romertics the ex»erirent was «desijned to observe, tie

srahahle srosence or absence of other =~ronertios of biclo-i1o1] relevance.,



HAMILTON STANDARD
DIVISION OF UNITED AIRCRAFT

It will be noted that if an ex»eriment is not sufficientlv reliable as
to nernit the first internretation sten to be effected with some confi-
dence, then tie second interoretation sten is not nossible. In the
following discussions we assume that all exrmerinents are reliable in this
sensc,

If observations of the presence of one nronertv at one location and
one time provide knowledge about the nrobable ~resence of other nrorertiss
(at the same or other locations and times), then the results of the first
exneriment can be said to supnort inferences rezarding the other nrorerties.

The »rocess of inference is one wherebv knowledece of the presence
(and sometimes the absence) of one »ronerty nemits one to medify estimates
of the nrobability of occurrence of another »ronertv, We shall sav that
two nronerties (or twe subscts of nropertics*) a and b are informationallv
denendent when the estimate of Pma ziven knowledre of the existence of b
is different from the estimate of Pp. miven uncertainty of the existence
of b, e may symbolize this relationshin of informational denendence as

Pra/b = Rna/?b
where "Pma/b" should be read as '"estimate of the »robabilitv of occurrence
of a on fars iiven knowledie of the existence of b" and "/2%" as "'given
uncertainty of the existence of b", If we further define '/ -b'" as ''given
knowledze taat b does not exist," then the kind of informaticnal denendence
that exists petween two mutuallv exclusive nromertics mav be exoressed as
P /=b = 1L and P /b =0 Py /7 * Pmn/?“ =1

[7 the »resonce of a is 1 necessiary condition for tac »resence of b, then

usuallv

Vo iy han D.. /7t
ina,n reater than lml..o

*Tor cxople, scots of values o7 a numher of narancters,
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At 1f it 1s also a sufficient condition, tnen

ae mav sav that a sct of »ronerties if hizhlv connccted if infor-

mational denendence relationships exist between manv of its members.
The amount of connectedness in a set of »nronerties is a function of our
knowledge of correlations between nairs of its elements, In general,
corrclations of which we have no exnlicit knowledge or which cannot
satisfactorily be explained on thecoretical srounds do not results in
informational dcpendence.*1

It will be noted that if informational denendence relationshins
do exist, it will in gzeneral be possible to estimate the conditional
nrobabilities of occurrence of various combinations of »ronerties in a
connected set. The less connected the set, the fewer the combinations
to wihich conditional or joint »robabilities of occurrence can be assiined,
In eneral, the inability to make some estimates of joint nrobabilitics
of occurrence reflects the fact that observine tihe »nronertics in the set

will not zive risc to inferences.*<

*1The distinction between what we do i1nfer from available data and what we
outht to infer or would infer if understanding of the phenomena were more
~erfect is an immertant one which must be kent in mind in anv discussion
of the amount or the value of information available from an exnerinent.
This notion of connectedness will be seen to be very sinilar to that of
devrees of freedont, The term "connectedness' is emmloved aere because
tae reference is not onlv to those situations where tne connecteidness
relationshins are sumnorted dSv widelv accented tiheorctical considerations
or emirical evidence, but also these which can be said to Jdescrive shifts
in =ubiective estinates of lixelinood on the »art of ~ualifi~d scientists,
That is, we wish to include the consetueaces of iudment hased en scientific
intuition ki aunci.

*2Tt 15 1mertant to note that We are net concerned nerc wita tac nasis of
such estinates.  Thev mav be nurely sabiective, Lo meroly aote that
F1ilure to be able to naxe such ostinates {even subisctive ones) tends tno
aredict Tailure to be ahle to draw infereonces once the »ron2rtics ave Heen
oaserveld
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I{ there is some theorv which makes it nossihle to determine
deductively (e.g., through calculation) that certain combinations are
impossible, then thosc nronerties will be highlv connected in the sense
described here, [Lxclusive sets are sets of nrovertics which are highlv
connected in this fashion, even thouch some such sets will be trivially
connected in the sense that it is not logically nossible for one parameter
to have two values simultaneouslv, (The difference between connectedness
arising from purely logical considerations and that arising from the fact
that scientific theories are sufficientlv well established to make some
assertions regarding the impossibility of some combinations tautologzous
is not sizgnificant, and it can be maintained that none of these infor-
mational denendence relationshins are truly trivial,)

The hijner the estimated a priori probability of occurrcnce of a
nronerty as cstimated on the basis of available knowledge of Mars, the
more stronzly the corresponding nroperties are connected to nromerties
of which we alreadv have some knowledge. It follows that experiments
which satisfyv the minimum unwarranted assumntions criterion can, in
ceneral, be suaranteed not onlv to nrovide some information (becausc a
successful exneriment is more likelv to result) but will also tend to
“rovide data on which inferences can bhe based,

The concent of informational denendence can be emnloved as a basis

for Jdeveloning notions of the inference value of a successful exneriment,

TJiven a1 set of nronerties amons which same informational denendence
relationshins exist, it i< nossible in theorv to -enerate the set of all

lo~ically »essihle combinations nf the »resence and apsence of those

2=30
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nronerties corresnonding to all logically possible combinations of
results of the corresponding exneriments as thev mizht be performed
simultaneously at one site or at different sites on the planct Mars,
These combinations mav then be divided into the following subsets:

1) Those which represent nhysically or logically imnossible combinations,
or combinations which are so exceedingly unlikely as to be not worth
considering.

2) Those wnich are phvsically nossible but unlikely.

3) Those which are viewed as nrobable.

It will be noted that if the exneriment is site and/or time devnendent
such as is the case with exneriments which are ''successful' only if thev
result in nositive detection of the corresponding »nroverty, then class c
will be very, verv large. If on the other hand the nronerty to be
observed is homogenously distributed over the surface or through time,
then class ¢ will be small,

The inference value of a single exnerimental result can be estimated

bv considerinz tihe amount by which class ¢ would be reduced if that
result were observed, If the set is hishlv connected, then knowledge of
the nresence or ansence of one of the nronerties will make certain
otherwise likelv combinations unlikely or immossible, It is obvious
that this measure of inference value can he extended to include the

~essihle outcomes of sets of exneriments, The anount gi information

nrovided bv a siven exwerimental result can then be defined as a lincar
Aunction of the inference value and the a »riori »robabilitv of occurrence

of that result. If a »articular result is 1lmost certain, then that



HAMILTON STANDARD
DIVISION OF UNITED AIRCRAFT

exneriment will nrovide less information than would be the case if the
result were less likely, If the inference value of a given result is

verv low (as is thc case with a negative answer from a highlv site
dencndent exncriment), then the amount of information provided by it will
also be very low no matter how likely or unlikely that result. A positive
result from a highly site dependent experiment will also be seen to
nrovide relatively little information in the sense that its inference
value will also be low,

It will be noted that thesc notions of inferencc value and relative
information content are all defined relative to a set of connected
nroperties and estimates of the joint nrobabilities of occurrence of
members of that set,

At this point it should be nointed out that the reliabilitv of the
inferences drawn during the second interpretation sten described above
is a function of the validitv of the assumed informational depcndence
relations sunnosed to exist between nronmerties in the connected sct,

If these relationshins are bascd on subjective estimates (and if thev
differ wvith the identify of the scientist making them), then the inferences
cannot be Jemonstrated to be reliable. Thus, if we demand that an
exveriment be a reliable one then we must restrict our consideration to
exneriments involvin: scts of connected »ronerties whose informational
denendence relationshins can be validated in a conventional wav, or those
where there is wide agrecnent rejardins the suhisctivelv-arrived-at

estinates of informational demendence,
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2.5.4

Utilitv and Scientific Value

The}preceeding discussion of informational dependence and the kinds
of inferences to which experiments may give rise demonstrates the comnlex
nature of the interdemendence between the criteria presented above., If
this concent is a valid one then it follows that the minimum unwarranted
assumtions criterion and the reliability criterion can be defined so as
to provide a basis for estimating the inference value and relative infor-
mation content of alternative possible exnerimental results. It is
nronosed that the notion of utility in the sense of relative scientific
value can be usefullv based on such estimates. One of the consequences
of this model of scientific value is the fact that the "biologically
interesting" exneriments of alleged high criticalness turn out to have
little or no scientific value, This is due to the fact that such
nroperties tend to have one or more of the following characteristics:

1) They are hignly site-demendent and consequently negative results have
little inference value (nrositive results mayv also have little inference
value for the same reason).

2) The estimates of informational denendence are highly subjective
(because the lack of well develoned theories in biologzy results in there
being few “objective" yrounds for estimating informational denendence)
and tend to varv zreatly among estimators. Consenuentlv, reliabilitv of
inferences cannot be readilv demonstrated on objcctive isrounds,

3) These exneriments cannot readilv be made reliable insofar as the
£irst internretation sten is concerned: it is difficult to distinsuish

valid mositive results from false nositive results, and consecruently
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these exneriments cannot readily be said in advance to be sure to provide
anv "results" at all,

It was nointed out above that other kinds of utility can and should
be considered in planning an exnloration program. The use of the choice
criterion of practical expected utility ner unit cost in dollars imnlies
a notion of utility based in part on dollar cost. Some other utilities
which could be emnloved in addition to or instead of scientific infor-
mation content are:

1) Embarrassment cost of engineering failure. A single failure could

be supposed to entail a unit negative value, The negative value of a
scquence of failures could be sunnosed to increase exponentially with the
number of failures. The unit cost ner failure might be sunnosed to be a
function of the dollar and time cost associated with develoning and
launching the system,

2) Embarrassment cost of looking for something that does not exist, or
failing to look for something that does. If a careful attemnt has been
made to estimate scientific value as defined above in temms of inference
value and relative information content, then there will be little or no
erbarrassiment value of tais kind, liowever, such estimates are of
necessitv intuitive because the nodel nronoscd here for didactic nurposcs
cannot easily be imnlemented bv nractical nrocedures for evaluatinz thesc
factors. As a result, it is alwavs nossible that after a =~avload has
becn designed and/or launched, new evidence or new information will cause
revisions of the utility estimates emnloved., This is less likelv to occur

if the choice criterion emnloved in generating the nlan is hizhly sclective.,
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3.0

3.1

RELTABILITY AND ERROR CONTROL

In section 1 it is noted that among the several criteria entering into

the selection of an experiment or mix of experiments for the biological

exploration of Mars, one of the most heavily weighted is that of reliability,

Certain aspects of the problem of experimental reliability is further

discussed and illustrated in section 4 of this report, in which the outnuts

of some simple stochastic simulations are nresented. In particular, in the

second of these simulations, SAMPLER, a simmle system is examined under

varying probabilities of component failure in order to obtain a qualitative

picture of the over-all probability of what we have called '"mission vitiation."

As used in this renort this term refers to a situation in which the system
fails for one reason or another to exercise suitably "tight' control over
the nerformance of the two halves of a contrasted experiment, Such a
situation obtains when the statistical nroperties of the physical system
are mismatched with the physical-biological environment or when actual
corponent failure prevents the performance of one portion of the con-
trasted exreriment, Under such circumstances the investigator may receive
accurate data on both halves of the experiment yet be nuite unable to
confidently interprete his results, or he might be in receint of a
"half experiment' which he is quite unable to apnraise.
leliability

Fronm the foregoing it will be noted that the term "reliability" is
used in this document in a wider sense than that generally emnmloved in
the encineering literature, As used in this revort, in fact, the tern

Jdenotes the entire smectrun of nhvsical-engineering acts and events whose

L
[]
[
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concatination will culminate in data which can be interreted with con-
fidence in terms of whatever hynotheses tne investizator is testing,
This scction is devoted, theref{ore, to a brief definition of the terminology
used in the renort,
(1) Engineering Component Relianbility (ECR), The ''conventional' relia-
bility in that it is the quantity

P(t) = P(0)-f(t) (3.1.1)
which is the nrobability of the successful oneration of the comnonent
in the time interval t to t + dt.
(2) System Tonology Reliability (STR). The probability that an entire
svsten will successful function within designed limits during the
interval t to t + dt, STR is dependent not only on the individual ECRs
of each coimonent, but also on the nattern of interconnections between
the comronents, their sequence of omeration and on the crucialness of
cach component,
(3) Noise. The nerturbation of a useful datum signal or variable bv a
random comnonent ¢(t) arisinc from uncontrolled sources, By definition

Efe(t)] = fc(t)dt =0 )

) (3.1.2)

Lle2(t)] = OF )
so that the lon; time avera'e of noise is zero, In.gencral, if the
exveriment looks at 2 vnrinble}ﬂ(t), thc Auantitv seen on earth is

X(t) = d(t) + e(t) (3.1.3)
and the averase of X(%). i.e., AVE X(t), iifl(t) so that bv averagin:

long enoush we ¢an sumress noisc effocts,
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(4) Bias, Tiec nerturbation of a useful signal by a commonent b(t) arising
from drift, damage, calibration or detector failure, etc., which does not
average to zero, Then, if

X(t) =IU(t) + b(t) + e(t) (3.1.4)
is the received signal, AVE X(t) f/l(t) + AVE b(t) f;}(t), so that the
"true" value of the variablg/l(t) cannot be recovered from the data.
(5) Error of the Third Kind. Occurs when bias arises in the data and is
not detected by engineering monitoring or by calibration., Then the
investigator draws conclusions based on)u(t) + AVE b(t) which mav have
nothing to do with the true scientific nroblem renresented by/}(t).
(6) Confounding and Aliasing, Obtain when a detector responds to two
or more quite different types of phenomena as if they were the same, In,
for example, a labeled substrate conversion to labeled nroduct by
mediation of an organism, some of the label may be released from the
medium by abiogenic means and some by biologic mechanisms, Insofar as
the detector is concerned the two release mechanisms are aliased or
confounded together so that they cannot be distinguished.
(7) Accuracy and Precision. When a source of data is perturbed by
noise (3 above) but not by bias (4 above), they are accurate in the
sense thev tend to averajze so that noise is supnresscd. If,in addition,
the noise level is low so that the data are not greatly nerturbed, thev
are also said to be precise. DPrecisc data, on the other hand, mav not
be accurate due to bias in the readings.
(8) Data Window. The lenith of time, from derlovment to termination,

that a device or svstem is designed to function.
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73) darkovian Versus Nen-Marxevian TFailure Processes, wnhen the Plt)

of a narticular ccmmonent is reallv a function of the number of times the
cormonent is crerated, we refer to this as a darxovian €ailure =rocess,
Alternativelv, if P(t) steadilv decreases with nassaze of tine inde-
nendentlv of oneration, this is referred to as non-farkovian. Tne nixed
case is considered non--larkovian,

3.2 Jesizn of Automatic Experiments

In the »nerfornance of terrestrial ex»meriments it is usuallv, but not
alwavs, a relativelv simmle »nroolem to »erform the necessarv checks and
calibrations to obtain reasonahle assurance of unbiased oneration of the
etuinnent at tolerable noise levels, Further, adeauate duration of
oneration of the enuinment is easily desizned on the basis of a few
nrelininary experiments,

Such is not tne case in remote, automatic ex»eriments where all
contingencies must be »nrovided for in advance in the design of the Jdevice,

In imnlementing a »articular ex»eriment it mav be assumed that ECR of
each cormonent will be as nizn as nossible, In gencral, in the earlv
“fartian nrobes, batterv life will determine the length of the data window
so that the STR, S need not be ~reater than L, the omerating life of
the nnwer source. This, however, noises a ~roblem bhecause in general
ECR can be exnressed as

() = P(0) exo -St Ht) dt (3.2.1)
o
where ti(t) is known as the hazard function and is a comnlex function of

comonent fahrication netiods and sterilization »rocedures. Since P(t)

34
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steadily decreases from its denlovment time value of P(0), the question
exists of to what levels can P(t) be safely allowed to fall by t=L, the
end of the mission, to give reasonable chances of success of the mission,
The answer depends partly on the nature of the experiment, partly on the
amount of payload which can be devoted to engineéring redundancy, and
nartly, but significantly, on the form of H(t). The latter, however, is
largely a matter of money expended to engineer a suitable H(t) for each
cormonent and this can in principle be detemmined by knowing the relative
weight the investigator will give to each successive datum and the
adequacy of the failure mode monitoring so that he is sure to know when
failure has occurred,

Unfortunately, it turns out for reasons to be explained later, that
the STR during the terminal stage of an exneriment's lifetime is a
critical parameter in estimating the probabilitv of an experiment
being performed successfully, Before discussing this, however, a brief

digression will be made concerning heuristic systems.

3.2,1 ileuristic Svstenms

It has been =“ronosed that consideration be given to landing a
larze automated laboratorv (ABL) on ‘fars with the canability of desizning
and executing its own ex»erinents using the results of nrior exreriments
as desizn narameters. Since what the laboratory does on eaci cvcle is
denendent on what it found on the nrevious cvcles, its eauinment and
cormonent duty cvcles will be random events. Assuming the failure
~rocesses will be non- larkovian (mixed), we are confronted with evaluating
the ST of the exneriment under the condition that the confizuration of

the svstem 1t anv tine is a random ~rocess. This likelv to be a
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difficult nroblem but must be solved in view of the likely high cost of
such heuristic systems,

3.2.2 Importance of Terminal ECR and STR

Consider, as an example, a simple growth exneriment to test whether

a sample of ‘lartian material will reproduce according to

1N = 1nN, +P(t-1) >y (3.2.2)
= InN, L> t>0

where 1 is the lag neriod., Assume the experiment is power limited to a total
total of L time units, Let the STR of the system be expressible by

P(0) €” At tg L
=0 t> L
and for simplicity, let P(0) = 1., Since we have no idea what value 1

]

P(t) (3.2.3)

will really assume (it might be greater than L), we are forced to
postulate that it is probably L/2 since we have no basis for any other
value, Sinmilarly, we have no real knowledge of )\ so that we might as
well assume that it is at least 2A/L where A is the smallest difference
in two resnponses that can be discriminated on the telemetered output.
Finally assune that failure mode monitoring will alert the investigator
if failure occurs,

The amount of data collected will obviously be related to the rate
at which P(t) decreases. Assume the worst case 1 = ‘L/Z,,G = 2A /L,

In order to obtain N barely usable data points thc system must remain
orerative through the time nweriod L/2 to L. The actual nrobability of
this is

-AT N AW K
Pr(N Jdata) = e z 1 rrY (NAh) (3.2.3)
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3.3

where 8 h is the arbitrary samnling interval starting at t = L/2. The
point of interest is that unless4\= 0 the probability of N data noints
is less than one and, hence, the probability of usable data is also less
than one,

This is the worst case; if now we allow 19 0, i.e., the lag to vanish
or/B to become large the number N of points required to interpret the
data becomes less than in the marginal case above,

Similar considerations hold for metabolism experiments., In the early
part of the experiment substrate is being converted to label in two or more
culture chambers., At this point the different rates of label release may
be due to irregularities in sample size and so forth. After some time
has passed, however, inhibitors are added to one chamber and now it is the
difference in the amounts of accumulated label from each chamber which is
the quantity of interest. This quantity is likely to be most easily seen
in the teminal phase of the experiment,

As a final example, in an organic analysis by gas chromatography it
is the larger molecular weignt snecies which are likely to be of the
most biological interest, These species are eluted from the
stationary nhase at later times than the lighter fragments. This
again leads to the requirement that the STR of the §ystem must be held
at a relativelv high level during the later stages of the lifetime of the
exneriment.

Confounding and Aliasint

Confounding and aliasing are snecial sources of bias., The methods

of elimination of these sources are as varied as the »hvsical-biological

.7
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nrinciples of the various experiments. Thus, no general prescription
for their detailed control can be offered here, One principle, however,
does seem worthy of enunciation despite its rather obvious nature, and
that is:

In all experiments the bias control must be built into the

experiment and explicitly monitored rather than attemmting to

use statistical legerdemain on the biased data after they have

been collected. We cannot comnute unbiasedness into data,

we must build it in!

The degree to which an experimental implementation adheres to this

principle is an important criterion for judging its potential worth,

3-8
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4.0

4;1

COMPUTER SIMULATION ACTIVITILS

Introduction

Two simulations were »rosramed and run during the first vear, These
were designed to exnlicate some of the problems associated with obtainin:
a desirable degree of reliability in direct life detection ex»eriments
which observe srowth or wmetabolism in a culture of Martian surface
material, Although zrowth and metabolism exnerinments mav be imlemented
in a mmber of ways, all of these ex»neriments can be said to obscrve a
change with time in the quantity or intensity of somne nrorerty which i3
assuned either to index the size of a nonulation of microorzanisms in a
samnle of collected material (e.c., turbidity), or to indicate the
occurrence of metabolism in sucn a nonulation by observing the increasc
in concentration of some metabolic product. (Although increase in the
size of such a population is not in princinle necessarv to the detection
of such organisms, most of the exneriments nronoscd scem to he desizned
to test tae hvnothesis that the nonulation is actuallv increasinz.)

If we assume that the property being observed actuallv does reflect
cnanges in population size and/or the occurrence of metabolism, tnen the
experiment can be said to test the hvnotiilesis that changes in this
observed property indicative of the occurrence of growth or metabolism
do take place during the time neriod through which the observations are
made,

The internretation of the results of such an exneriment requires a
rule which nernits the experimenter assign every observed sequence of

measurenents of the index property to one of two classes--that indicative

4-1
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of the presence of microorganisms and that not so indicative., The reli-
ability of the resulting experiment is a function of the likelihood that
false conclusions will be drawn, namely, that some observations will be
interpreted as indicating the presence of microorganisms when, in fact,
they are absent, or, conversely, that some results will be interpreted
as indicative of the absence of microorganisms when, in fact, they are
present,

Some of the many factors which may lead to false nositive or false
negative results are due to the kinds of bias and noise frequently
encountered in analogous terrestrial experiments of this nature, Among
these are:

1. Confounding due to the fact that fluctuations in the index pronerty
occur from abiological causes. For example, a radioactive metabolic
product may be abiogenically released from the substrate provided, or
the Geiger counter may record background radiation, Similarly, soil
particles contribute to the measured turbidity.

2. Bias due to machine error may result from imnroper calibration or
excessive drift to introduce an unanticipated svstematic error. Other
machine malfunctions can also introduce systematic errors.

3. Electronic noise in the measurement svstem introduces a random error

and limits the precision of the measurcments.

4. Biological noise consisting of random fluctuations in the population

size due to the cffects of uncontrolled variables mav make the results

apnear erratic,
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5. Transmission errors from noise in the communication svstem can

corrunt the transmitted observations.

There are, in addition, certain other nroblems that mav arise from
the fact that the exneriment as designed is not »ronerly matched to the
‘artian microorzanisms, so that even though live oruanisms are nresent in
the sample cultured, their nresence is not detected., Among thosc are the
following:
1. The conditions of medium, temnerature and so forth are wronz so that
the organisms either fail to survive, or grow or metabolize at such a
slow rate that thev do not produce a detectable and signifiéant chanze
in the measured index nroperty,
2. The organisms may, in fact, thrive and produce changes in the measured
nroperty whici are normal for those organisms, but nevertheless are too
slow or too rapid for the experiment to detect as a significant change.
For example, metabolism may occur at a very slow rate, so that the
increase in concentration of metabolic product during the exn~riment
does not annear to be significant, (A similar result may be duc to the
fact that the imnoculum was too small,) Conversely, the change mav be
so great relative to the length of the intervals between observations
that the experimenter interprets tihe observations as bias due to machine
malfunction,

The first computer simulation programed and run during the year
simulated the growth and metabolism of a colony of Martian microorganisms,
Entitled SOUP GEDANKEN, it is an imaginary exreriment which is not closelyv

modeled after any of the real experiments now under development., It was
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desisned to explore in a limited wav some of the intera;tions hetiween
some of the factors listed above which mizht be exnected to affect all of
the direct life detection exneriments of the growth and metabolism tvhe,
The second is 2 simulation of a sawnling svstem which was designed to
explore some problems associated with obtaining inocula fron samnles of
Martian surface material, It sinwulates a simnlified surface matter
collection svstem and mermits an examination of effects of alternative
assumntions rezarding variations in amounts of material collectad and In
nopulation densities »er unit material on the resultiny distributions of
inoculun nonulation sizes., These two »rograms are described semarately

below,

SOUP GEDANKEN

General Description

The exneriment modeled in SOUP GEDANKEN is a culture exneriment that
is assumed to be nerformed by a fartian lander which Jetects the nresence
of microorzanisms bv measuring the concentration of a metabolic nroduct
released by a culture of such organisms grown in a suitable medium,
Periodically the contents of this chamber are "obscrved'" bv a neasuring
device whicih measures the accunulated quantit? of the metabolic product
and then transmits the nieasurements to earth, The model was »roaramed
on a PDP-1 commuter as a jame nlaved between a nerson acting the role
of an exncerimenter and Nature as simulated in accordance with the mocdel,
The experinenter "desizns' the exneriment by specifving the range and

sensitivity of the detector, the frequency of obscrvations, the time at
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which observations are initiated and the total duration of the experiment.
The experiment is then simulated and the experimenter is presented with
the telemetered data points plotted on the face of the PDP output scope.
He must then decide whether or not these results are indicative of the
presence of microorganisms. He may change his design parameters and find
out what results would have been transmitted had the new design parameters
been in effect during the running of the experiment. He may also query
the memory of the computer to find out what occurred during the course

of the simulated experiment.

4.2.2 Components of the Model

1. Dimensions. The behavior of the elements modeled is expressed with
reference to arbitrary time and quantity units. In particular, the time
axis of the various plots is divided into 128 coordinate arbitrary time
units, and the maximum duration of the experiment is 128 of these time
units. They may usefully be thought of as corresponding to intervals of
anywhere from one-half to four hours (depending on the shape of the
idealized growth curve the population is assumed to approximate, see
below), For convenience, the culture chamber may be thought of as
having a volume of 100 cubic centimeters and the sample of Martian
surface material introduced into it as having a volume of one cubic
centimeter. The plots of population per unit time show the logy, of
average population per cc, of culture medium, and the maximum value
which can be plotte’ corresponds to an average concentration of 1014

organisms per cc
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2. Sample Collection and Growth of Population. This portion of the
program generates a table of values of the population inside the culture
chamber at each of the 128 experimental time units. What happens after
the sample has been introduced into the chamber is determined with
reference to a number of variables whose values may be assigned in advance
by the user of the program. The procedures used to make these deter-
minations and the relevant variables which govern the outcome are
described sequentially below., However, one set of input values is used
by many of the subroutines,and for this reason and because of its
importance in determmining the results of each simulated experiment, it

will be described here., This is the idealized growth curve, which is a

plot of log population per unit time describing the growth behavior

which the Martian microorganisms would follow under idealized conditions

of medium, temperature, etc. This plot can be manually entered by the
experimenter prior to each run, merely by drawing it on the face of the

PDP input-output scope, (Although this plot is entered and displayed on

a 128-unit time axis, it merely shows the shape of the growth curve, as

the length of time required by the population to cycle through the growth
phases pictured may be as little as one quarter or as much as four times
the 128 experimental time units, rate of growth being a random variable
whose value is selected during the simulation run,) Three of the idealized

growth curves which have been used are shown in Figure 1.*

*The decision to employ a hand drawn synthetic idealized growth curve
rather than calculate the growth pattern with reference to an analytically
expressed growth function was prompted by the fact that only a limited
variety of shapes can be generated by changing the values of the variables
in such an expression. Many of the resulting curves might be biologically
quite unrealistic if the expression were complex enough to account for a
reasonably variable lag period or for the effects of competition between
two or more species., Although the present procedure is cumbersome, 1t
simplifies the problems associated with examining the effects of "unusual"
growth curves,
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4.2.3 Description of Program

The procedures used to determine whether or not organisms are present
and if so how they grow are described below.

1. Sample Collection. The first decision which must be made is whether
or not live organisms capable of surviving in the chamber for any time at
all are present in the sample collected, A random coin routine with
probability p; of "yes" (assigned by the user) is used to make this
decision,

If some responsive organisms are present, they may be too few in
number, or too alien to grow well in the medium provided, and a degenerate
colony will result, The probability that a degenerate colony results is
Pye If a degenerate colony occurs, it may die off entirely at any time
t, with probability of dieing at time t being (1-p4)! where the value of
p4 is assigned by the user, Until it dies off, the population of the
degenerate colony will vary randomly between one and ten organisms per
cc, of medium., An empiric growth curve which plots the simulated growth
of the organism is generated and stored.

If viable organisms are introduced into the chamber and a degenerate
colony does not result, then the program must determine how large the
inoculum is and how the resulting colony grows. The maximum concentration
of organisms in the one cc. sample is assumed to be one-half the maximum

concentration shown in the idealized growth curve. The minimum concen-

tration in the samnle is assumed to be one quarter of this quantity
or 102’S whichever is smaller. This range of samnle concen-

trations is then divided into ten equally snaced increments which
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correspond to ten equally likely inoculum sizes., A random number gen-
erating routine is used to determine which of the ten sample sizes has
occurred, This number varies between zero and nine, large valués of the
nunber corresponding to smaller inoculum sizes, The resulting population
is divided by 100 in order to calculate the average population per cc. of
medium present in the chamber immediately after introduction of the
sample, and this is entered as the first value in the empirical growth
curve,

The next decision which is made determines whether the cﬁlture gTOWS
rapidly or slowly. Six equally likely growth rates labeled zero through
five are possible, and the effect of the selected growth rate is to
"shrink' the time axis on which the idealized growth curve is displayed
by a factor of four or two (in case the growth rate zero or one is chosen);
to "stretch" it by a factor of two, four, or eight (in case the growth
rate chosen is three, four, or five is chosen); or to leave it alone,

which occurs when the factor two is chosen.*

*The ellects of this wide range of possible growth rates may be interpreted
as providing, e.g., for an average generation time as little as fifteen
minutes or as long as eight hours. Thus, if each experimental time unit
is interpreted as being equal to one hour, then the difference between
the fastest and the slowest growth rates may be expressed by saying that
the growth exhibited by the most rapidly growing colony in one hour
requires thirty two hours for the most slowly growing colony to exhibit.
(Whether any colony actually doubles its population in one experimental
time unit depends on how the idealized curve was drawn,) The assumption
that the minimum and maximum rates differ by a factor of thirty two may
not be biologically unrealistic, However, the division of this range
into only six rates, each of which is half the rate of the next slowest,
and each of which is equally likely, is less realistic. For example, if
the fastest growth rate is interpreted as providing for a minimum gen-
eration time of one hour, then the slowest is thirty two hours and the
next slowest is sixteen, the next is eight, and so forth; there is no
rate corresponding to ten hours, none to twenty or twenty-five. The
advantages of simplicity resulting from this biologically unrealistic
feature of the model may be defended on the grounds of the programing
simplicities achieved and the fact that the model has not been designed
to predict the likelihood of success of an experiment as a function of
assumptions regarding a more realistic set of growth rates and a more
realistic probability density distribution defined over them,
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The program next calculates the duration of a lag period during which
the population in the chamber remains fixed and equal to the population
present in the sample collected, The duration of the lag demends on the
size of the inoculum, being shorter for larger inocula, and on the
chosen growth rate, being longer for slow growing species and corres-
pondingly shorter for the faster growing species. The total lag period
L is calculated as:

L = L#rk + gwk where
Lp is a minimum lag period, r is the random number in the range zero to
nine which detemines the inoculum size, k is a lag factor set by the
user, g is the growth rate factor in the range zero to five, and w is a
weighting factor used to detemmine the relative effects of growth factor
vs. inoculum size on the total lag period. All the runs reported in this
document used one as the value of L and two as the value of k and w,
This assignment yields a minimum lag period of one exnerimental time unit
(for the largest inoculum and the fastest growth rate) and a maximum of
forty three for the smallest inoculum and the slowest growth rate, which
corresponds to approximately one third of the maximum duration of the
experiment. During play, more than half the time the lag period is less
than twenty time units.

Having calculated the lag period and the initial population density,

the program now calculates a "modified idealized growth curve' consisting

of the calculated lag neriod during which the value of the population is
the same as the inoculum, and that portion of the stretched or shrunk

idealized growth curve begimning with those values which are equal to or

-
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greater than the calculated initial density., (Thus, if the experimenter
had included a lag period in his ideal curve showing slow growth when
the population is small, this lag period would not be repeated if the
initial population density was not that small.) Some modified growth
curves showing the effects of calculated lags and changes in growth rates
are shown in Figures 7 and 13; Figure 7 shows the modified growth curve
resulting from combining an idealized growth curve providing for rela-
tively rapid growth and high maximum population density (curve 1 in
Figure 1) with a large inoculum and fast growth rate (r = 0, g = 0),
Figure 13shows a modified growth curve generated from the slowest growing
jdealized growth curve in Figure 1 with a small inoculum and slow growth
rate (r = 9, g = 4), The modified growth curve contains 128 values
corresponding to the 128 experimental time units. (If necessary, the
final values of the idealized curve are extrapolated to the end of the
time period,)

The empirical growth curve, which shows how the simulated colony
actually grew, is calculated with reference to this modified growth curve,
It departs from the latter mainly in showing the effects.of a random
error corresponding to biological noise. The first L values of the
empirical growth curve are identical to the initial Hensity, as these
correspond to the lag period during which no change in population is
observed, The remaining values all show the increment which occurs
during the corresponding interval in the modified idealized curve, but
they are also perturbed by a random error with mean zero and standard

deviation equal to a constant H supplied by the user, and the frequencies
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of the resulting fluctuations are smocthed by means of a digital filter.
Since population values (on all curves) are expressed as logarithms,
this means that the rate of change will vary randomly from that exhibited
in the idealized curve, The value of H used in most of the runs shown
in the accompanying figures was .125 which corresponds to rate deviation
of + 33 per cent from that exhibited in the corresponding modified
growth curve, The only restriction on this biological noise is that the
resulting population density cannot exceed the maximum value shown in
the (original) idealized growth curve, This restriction has the effect
of forcing the population to decline after it has reached the maximum
value even when no death phase is shown in the idealized growth curve,
2. Production and Measurement of Metabolic By-Product. This portion
of the program simulates the behavior of a detector which measures the
accunulated amount of metabolic product produced by the population of
microorganisms. This is effected in two steps., The first step consists
in detemmining how much of the product has accumulated at the beginning
of each experimental time neriod., This is equal to a constant times

the sum of the populations present during each of the nreceeding time
intervals., The response of the discriminator is assumed to be loga-
rithmic, and in this model, the output at time t is pronortional to:

t
— Ej
ft = 1og10%§ 50

where E. is the value of the empirical growth curve at time j and c

is a nroportionality constant which has been assigned the value 1.
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Each detector has a certain sensitivity which detemines the minimum
change in the metabolic product concentration which can be detected. It
also has a range which is determined by the minimum non-zero or threshold
quantity which can be detected, and the maximum or saturation quantity
which can be detected. The output of the detector varies within this
range in increments detemmined by the sensitivity. For convenience in
plotting the output of the detector and comparing it with the plots of
the population, the maximum output value which can be shown is 1015.
(Since the maximum average population density is 1012, the concentration
of metabolic product never exceeds 101.)

The individual playing the role of experimenter is allowed to 'design”
the detector by assigning it a threshold value Opj, and a saturation
value Op.x. He also specifies the sensitivity by assigning a value to
iy which corresponds to the number of intervals in the range Opjp to
Opax through which the output of the detector may range., When ig = 2"
exactly n binary digits are required to code the value and thus the number
of bits required to transmit all the observations is equal to the product
of n and the number of observations. The experimenter must specify the
number of bits required for each measurement. In calculating the output
of the discriminator at each time unit, the effects of a digitizing
error are simulated by adding an error termm to the calculated value of
f . The digitizing error e is gaussian normal with mean 0 and standard

t
deviation equal to z where:

z = [(Opax 'Omin)/is]/yizr
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In order to simulate the digitizing of the output, the sum fi + eq

is rounded off to exactly n binary places. If ft is less than Op;,

(that is, if a detectable quantity has not yet accumulated) then Opin is
stored as the output value; correspondingly, if ft is greater than Op,,
then Op,, is stored as the output value, It will be noted that the
detector is '"noise free'" in the sense that no electronic noise is
assumed to exist, Similarly, no confounding in the form either of noise
or of a systematic error explicitly is modeled.

3. Data Transmission. This portion of the nrogram simulates the
performance of the data transmission system and the corruption of the
transmitted results due to noise in the communication system. It does
so by generating a table of 128 values of the telemetered messages which
are the same as the 128 values of the detector output excent that some
bits are reversed. The probability that a bit may be reversed is
independent of the bit position and is equal to py, which is assigned

a value by the user. (It is usually convenient to suppose that
assigning this value is one of the options of the experimenter, A value
of .01, corresponding to the rather high reversal rate of one per hundred
transmitted bits has been used in all the runs reported here.)

4, Data Output., The design options which determine the total number

of observations, the duration of the experiment and the time at which
the first observation is made are simulated bv an output routine which
selects the corresponding values of the message table for display. Thus,
changing the “design" of the experiment in these resnects does not

require that a new culture be grown.
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4,2.4

Representative Simulated Experiments

This program was designed as a game in order to demonstrate the
effects of variations in growth rate, sample size, alternative ranges
and sensitivities of the detectors, etc. The purpose was to focus
primarily on problems represented by '‘ambiguous’ results that might be
difficult to interpret, and not to provide a mechanism for predicting the
likelihood that such ambiguous results would occur. Figures 1 through 16
are plots of representative outputs of this program., The effects demon-
strated in these plots are discussed below.
1, Biological Noise. Although the value of the variable which determines
the effects of biological noise was'relatively low for all simulated runs
plotted, it resulted in fairly erratic empirical growth curves., For
example, Figures 2 and 3 show the empirical growth curves generated in
two runs where the idealized growth curve, the inoculum size and the
growth rate were held constant, so that the results were as "identical”
as the model permits, The value of H used in these runs was .25, cor-
responding to a mean deviation of +78 ner cent from the growth rate
exhibited in the modified ideal growth curve. It will be noted that the
variation due to noise is independent of the phase of growth, except that
it does not occur during the lag period.

If this biological noise model is a reasonably realistic one, then
it would seem that this noise source would seriously limit the value of
control cultures, (More serious limitations on the use of such controls
are likelv to arise from the fact that the initial populations would be

difficult to make equal, Problems of this naturc were cxplored in more
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detail with the second simulation program described below.)

It will be noted that although the actual ponulation fluctuated some-
what erratically, this fluctuation was not greatlv apparent in the tele-
metered results; and the telemetered observations obtained from these
two experiments look very much alike. This arises from the fact that
the index property is the accumulated quantity of metabolic product:
suming this product damps the effects of biological noise. If the index
property were the rate of production rather than the sum produced, the
detector output would reflect these fluctuations. The remaining empiric
curves plotted in the illustration were calculated with an H value of
.125, corresponding to a mean deviation of +33 per cent,

2, Confounding. No confounding factors were explicitlvy modeled in this
program, in that confounding effects were not added to the outputs either
when no viable organisms were introduced or when growth of a non-degenerate
colony was simulated, However, confounding due to random abiological
liberation of the labeled metabolic product in small quantities would
have an effect identical to that of a degenerate colony which survived for
the duration of the exneriment, Figure 4 shows the emmiric growth curve
for such a colony together with telemetry noints showing the gradual
accunulation of the nroduct as it would be detected‘by a sensitive
detector with a wide range (.5 log unit sensitivity and Onin = 10.5).
Figure 5 shows the telemetered data which would result if the detector
were less sensitive and possessed a higher detector threshold (1 log unit

sensitivity and 0, = 10%).
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3. Effects of Sample Size, Growth Rate and Detector Function. The com-
bined effects of large sample sizes and rapid growth rates serve to
saturate the detector rapidly, by driving the concentration to its maximum
detectable value, How rapidly this occurs also depends upon the ideal
growth curve employed and the value of Onaxe Figures 7 through 12 show
the effects of a large sample and fast growth combined with idealized
growth curve 1, which has a large maximum value. Figure 7 shows the
modified idealized curve and the empirical growth curve, This empiric
curve was used in all results plotted in Figures 8 through 12, Figures
8, 9, and 10 illustrate what would be received with a wide range, high
sensitivity detector but with different observation frequencies., It will
be noted that Figure 10 also corresponds to what would happen if a machine
error resulted in rapid and excessive drift of the detector output., This
example shows the value of providing frequent observations and independent
monitoring of the detector so as to aid in diagnosing machine errors of
this kind,

The effects of alternate sensitivities and ranges are shown in Figures
11 and 12, Figure 11 shows the data points resulting from medium
sensitivity detector (1 log unit) with wide range. Figure 12 shows the
data which would be received if the detector had a low saturation value
(1011).* Figures 11 and 12 look even more like excessive drift than

Figure 10.

*None of the simulated experiments glotted here involved a maximum
population density greater than_ 1011, and consequently the maximum
concentration did not exceed 1012, If an idealized growth curve
with higher values had been employed, the misleading cffects of
saturation would be more marked,
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If the inoculum size is small and/or the growth rate is slow, growth
would be very difficult to distinguish from confounding which might be
attributed to abiological sources, Idealized growth curve 3 in Figure 1
shows a very gradual growth such as might be characteristic of organisms
not well adapted to the medium provided. This curve is combined with a
small inoculum and a moderately slow generation time in Figure 13, which
shows the resulting modified and empiric growth curves., Figure 14 shows
the telemetered points which would result from this experiment if a
sensitive detector with a low threshold were employed. Figure 15 shows
the same experiment as it would be observed with a detector of medium
sensitivity (1 log unit) and higher threshold (10%).

Figures 14 and 15 strongly resemble the data points plotted in
Figures 4 and 5, which suggest slow growth would be very difficult to
distinguish from confounding alone if the experimenter could not antic-
ipate the level of confounding which would occur. It is obvious that in
this slow growth, small inoculum case, shorter durations would fail to
detect anything at all,

4, Detector Sensitivity and Range. No detector noise or drift is sim-
ulated in SOUP GEDANKEN, but the sensitivity and range combinations
modeled may usefully be interpreted as choices forced on the designer
of a detector system as alternatives to detectors which combine the
advantages of greater sensitivity-range features with the hazards of
increased noise and liability to drift frequently associated with such
systems, It will be noted that reducing the sensitivity of the system

modeled here (where the outnut varies linearly with the log of the index
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property, which, in turn, varies with the integral of the population
density), makes it quite insensitive to changes in the population
densities which occur during the end of the experiment when the concen-
tration has reached a level near the high end of the scale. For example,
in Figures 8 through 10, the concentration does not change after the

48th time interval even though the population continues at a high density.
The output would remain at this level even if the whole population were
to suddenly succumb, Narrowing the range of a detector system sometimes
makes it possible to increase the sensitivity, but this has certain
disadvantages such as those pictured in Figure 16, where the output shows
either the minimum or maximum value during almost 7/8ths of the

duration of the experiment. In effect, the narrower the range, the
fewer the combinations of inoculum size and growth rate which can be
detected,

5. Communication Noise. The probability of bit reversal modeled in all
of these simulated experiments is relativelvy high. In spite of this fact,
and in snite of the fact that the probability is independent of bit
position (so that relatively disastrous reversal of the most significant
bits are just as likely as less consequential reversals of insignificant
bits), communication noise does not greatlv affect the internretability
of the results, For examnle, most of the accompanyving nlots show bit
reversals in significant nositions, but they are easy to snmot as such.
From this it may be concluded that any additional communication capacitv
that mav be available would be more effectivelv used in nroviding for

more frequent observations or in monitoring of machine function than in
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4,2.5

repeated transmission of the same observationa%;dgfa. (That is, the
redundancy implicit in greater observation frequency is seen in these
examples to be more efficacious than that effected by error-correction
coding or duplicate transmission,)

Evaluation of Results

SOUP GEDANKEN models a hypothetical experiment which is extremely
simplified in concept and function, As a demonstration model of some
possible effects of biological noise and mismatch between the experiment
as designed and Martian reality as it might be encountered, it appears to
have same value, much of which arises from the fact that it can be
played as a game which observers find interesting and convincing. How-
ever, it has very limited value as a prediction model, because the
validity of the assumptions has not been detemmined, and because a very
large number of serious possible sources of ambiguity are not represented
in the model. There is, for example, no machine malfunction which gives
rise to bias, no electronic noise, and no confounding. The range of
inoculum sizes played is, in fact, very small, and the range of growth
rates might be considered excessive due to the fact that the duration of
the experiment is arbitrarily limited to 128 units while the slowest
growing population could require as much as 565 time units to complete
the growth phases pictured in the idealized growth curve. (It should be
pointed out, however, that to assume that all growth will necessarily
take place during the duration of the experiment is tantamount to assuming
that the experimenter is always either perfectly lucky or nerfectly

informed about Martian conditions.,) No attempt was made to make SOUP
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4.3
4,3.1

GEDANKEN more realistic or more sophisticated than it is, because it is
not nossible at this time to verify the validity of the assumntions which
would have to be incorporated in a more ''realistic' model.

Nevertheless, SOUP GEDANKEN does provide valuable qualitative and
semiquantitative insight into the non-linear behavior of interaction
between the shape of the growth curve, the growth rate, inoculum size
and biological noise., Some valid conclusions can be drawn from these
simulated experiments. Among these is the fact that the shane of the
growth curve cannot readily be inferred from observations of the quantity
of accunulated metabolic nroduct. This being the case, manv tynes of
confounding will be difficult to discriminate from the effects of a
population of organisms. Designers of life detection experiments have
recognized this problem, the obvious solution to which is the emplovment
of controls by simultaneously conducting many experiments which differ in
controlled ways, and in particular, in using inhibitors to kill the
population in some cultures and to compare the results with cultures

which were not treated with inhibitors.

SAMPLER

General Description

The second simulation program designed and run during the course of
the reporting period simulates the behavior of a pair of sampling systems
which function in parallel to collect two samples of Martian surface mater-
ial which will then be introduced into two culture chambers. Although

the program waswritten so that many of*its components could be reasonably
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interpreted as representing certain machinc functions rerformed by an

early model of the Gulliver sticky string collection system, the simu-

lation model is a rclativey general onc and can, under certain assignments

of values to its variables, be interpreted as representing a variety of other
possible collection systems, The model is a stochastic model in that all

of its inputs are probability density distributions which govern the likeli-
hoods of occurrences of the various events simulated, and the output consists
of a statistical analysis of the events observed during a large number of
runs at each set of input values,

‘The model was designed to explore two problems associated with growth
and metabolism experiments, The first of these is that rcpresented by the
effects of variability of innoculum size on the reliability of such experi-
ments., As was pointed out in thepreceding discussion of SOUP GEDANKEN,
the larger the innoculum, the more likely it is that population growth will
occur and be detected during any fixed duration of the experiment, The
relationship between innoculum size and likelihood of increases in the
population is stronger (and more critical) the more the culture conditions
differ from the normal habitat of the responsive organisms, All growth
and metabolism experiments involve some tampering with the local environ-
ment (even the 'bell jar" experiments which do not involve a medium of
terrestrial origin) and the percentage of organisms which will survive
the tampering and adapt to the new conditions may be reasonably assumed
to be fixed. Therefore, the smaller the population in the sample, the
smaller the number of adaptable organisms in the innoculum and hence the

longer it will take for the adapting population to reach a detectable threshold.
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Because the range and sensitivity of the detector and the duration of the
experiment may be reasonably supposed to be somewhat limited, it is of
some interest to know how the innoculum population may be expected to vary
under various assumptions regarding the mean and variance of the density
of responsive organisms per unit to collected material, and reclated
assumptions regarding the variability of the quantities of material
collected.

The second problem which the model was designed to explicate con-
cerns the use of controls involving diversity of treatments (especially
inhibition of growth) applied to cultures which are otherwise as similar
as ﬁossible. ‘If the populationsof organisms introduced into two other-
wise similar culture habitats differ greatly in relative magnitude, then
one of these resulting cultures cannot be used as an effective control
for the other., Consequently, in evaluating the utility of any particular
control scheme, one of the important factors to consider is the probability
that the two populations will differ in magnitude by some predetermined
amount which may be interpreted as corresponding to the maximum permissable
variation consistent with ''good control'.

Several sample collection procedures have been proposed for inclu-
sion in Martian landers, Some of these involve the deployment of a
single collector system which gathers a quantity of material and then
introduces aliquots of this sample into each of a variety of culture
chambers, Others involve the deployment of two or more relatively inde-
pendent collection systems, each of which gathers material, where all or

some measured fraction of the material gathered by each system is used to
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4.3.

the innoculum for a separate culture. In all cases the.actual ponulation
of responsive organisms introduced into cach chamber cannot be completcly
controlled sc as to be held constant, since the amount of collected mater-
ial introduced into each culture chamber (or otherwise subjected to obscr-
vation) can alwayvs be expected to differ by some amount no matter how care-
fully it is measured, and furthermorc it will not be possible to insure
that the population density ner unit of material will be equal cven if
quantities of material are rcasonably similar. Scme variation is there-
fore inevitable, and the sampler program described here was designed to
examine some effects of the interation of a number of factors that can

reasonably be said to correspond to identifiable sources of variation.

Components of the ‘iodel

The components of the model will be described here in terms which
show their relationships to the sticky string system which the model can
be said to simulate, Alternative interpretations in terms of other kinds
of systems will be presented in the discussion of results,

The model may usefully be conceived of as consisting of two major
components, the first of which determines the manner in which the machine
functions are sequenced and executed, while thc second determines the
effects which may be attributed to 'Martian'" variables. The behavior
of the machine portion of the program consists of a sequence of control
functions assumed to be performed by the programming unit of the sampler
system, intermixed in time with a sequence of mechanical functions cxe-
cuted by the mechanical portions of the unit. !Mechanically, the svstem

may be thought of as consisting of two string units and of their associated
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units which perform the necessary collection functiens, These functions
effect deployment of the string by firing a projcctilc‘which causes it to
be unwound and strung ocut across the surface of the ground., ELach string
has an independent firing system. After firing, a common windup motor 1s
started, causing both the strings to be wound back on their spindles,
gathering surface material as thev are dragged over the ground, Then
an ampule-breaking mechanism associated with each string system is acti-
vated in order to break an ampule located inside each spindle containing
a prepared medium, Breaking the ampule starts the culture experiment by
"introducing' each innoculum collected by the string into the liberated
medium,

The mechanical functions associated with dernloyment, windun, and
ampule breakage are initiated in thelr proper sequence by a control unit
which emits appropriate signals, The computer program begins with an attempt
by tie sequencer to emit a signal causing the nrojectile of the first string
to fire. The probability that this signal will be emitted is Psi (the
initial sequencer functioning probability) which is one of thc input values

of the model, If the sequencer fails to function, P.; is decrcmented by a

si
fixed amount m so that the probability of subsequent scquencer function 1is .
corresnondinzlv reduced, The size of m determines in nart the degree of inte-

sration of the whole svstem., All five of the mechanical functions described
below require a sequencer signal for their initiation, If a senuencer siznal
is not available for a specific function, that function is skinmed and no
further oneration associated with that striny is attemnted, (I the windun

notor fails, the exneriment is termminated.) An attomnt is made to execute
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the next operation associated with the other string system., The total
systen is said to fail completely only if neither string unit completes
all of its programmed functions (either through unavailability of the
requisitc sequence signals, or mechanical failure on the part of mechanical
units).

The five mecnhanical functions programmced, and tihe asscciated variables
which determine their probability of correct functioning are:
1. Firing of projectile associated with string 1; I’ 1
2. Firing of projectile associated with string 2; P 2
5. Windup of both strings simultaneously; Iw
4, DBreakage of ampule 1; Pay
5. Breakage of ampule Z; Pa,

If all the machine functions associated with one or both of the two
string units are appropriately performed, the size of the innoculum
will depend on the following:
1. Whether or not responsive organisms exist in the surface ruterial in
the vicinity of the lander, The probability of occurrence cf responsive
organisms is P (RMO).
2. The length of string deployed. The string may break if the projectile‘
shoots out with too much force or if it gets snagged on a protruberance
on the surface. Consequently, it is divided into a number of segments separated
by weak connections so that if strain is placed on the string it will part
at a weak place rather than become completely torn off or hung up. The

string may be 0. 1, 2, 3, 4, 5, 6, or 7 units in length. The relative
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probabilities of cach of the resultine string lencths is deteniined
with reference to a table of string length distributicon and nence string
length variation mav be controlled by appropriate assignment of values
to tais table.
3. Tae adhesion factor associated with surface material in tone vicinity
of the lunder. This factor mav take anv valuce froxi 1 to 10, and eacn
value 1s equally probable, The total nuember of unit quantitices of
material collected by cach string 1s determined by equation 1.

(1) xgrams collected = a an
where a is the adhesion factor, L} 1s the length of string reeled in by
the first string system and L, is that rceled in by the second svstem,
Tae quantity is cxpressed in "xgrams' which may be interpreted as milli-
grams, centigrams, decigrams, etc. depending on how one chooses to inter-
pret the significance of the density factor described below,
4. The nunber of responsive organisms per unit material collected is

lOd, wiere d, the density factor, varics normally about a mean delta

with standard deviation lambda (where delta and lambda arec variables
which may be assigned values in the range 0 to 10). These two variables
are employed together with an appropriate random number generating
routine in order to select a different valuc of d for cach string at
cach run, The population collected is thus aL2 104,

Interpretation of the Model and Analysis of Results

This program was completed late in the reporting period and conse-
quently the model it represents has not been thoroughly studied. The

problems which it has been used to study and the results obtained to date

~
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are described below,

Variations in Innoculum Size

SOUP GEDANREN 1llustrates one of tihe nmore sericus types of miss-matcih
which might occur between the experiment as designed and the Martian con-
ditions encountered., This consists of a detector range and sensitivity
winich 1s Inaprropriate to the innoculum size-growtn rate combination found.
Conseauently S\MPLLER was emploved to {ind out what ranges of nopulation
sizes might be encountered under various assumptions about the distri-
bution of nopulation densities as determined by assicned values of Jdelta
and lambda, and the variations in amounts of material collected as deter-
mined bv the distribution of string lengths,

SAMPLER was used to simulate one thousand ceollections at cach of
9 pairs cof values of Jelta and lambda for each of five string distributions
shown in Table 1. Because of the machine function probabilities assigned
(see below) 98% of these runs resulted in "successful' collections. Each
table corresponds to a {ixed string length distribution, and the inter-
pretation of the significance of these simulated collection runs relative
to a given real collection system depends upon the extent to which the
assigned values of the variables yield reasonably realistic representations
cf the behavior of the actual system,

The model provides that the quantity of surface matter gathered
varies with the square of the string length, and this is believed to
be a fairly realistic representation of the behavior of a real sticky
string system, The ccllection behavior of such a system may be viewed

as similar to that which would result if a large number of collection cells
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were distributed along the length of the string., The amount of material
collected by each cell increases with the distance over wnich it is dragged
while being reeled in, Thus, loncer string lengths corresnond to larger
numbers of cells, and to longer drag distances for the more distant cells,
According to this view of the collection behavior of a string, the amount
collected will be an exponential function of length, the value of the
exponent depending upen the maximum cell capacity and the average drag dis-
tance required to till each cell te capacity, Althouch few experimental
dataae available, it appears that the ranve in amounts actually collected
by real string svstems actuallv excceds those resulting trom the lenpth
distributions emnloyed here, Distributions 3 and 5 arc belicved to be

the hest renresentations of sticky string behavior, since they are skewed
in a manner which would be the case if the string were rarely snertencd

by more than one or two units, They differ in respect to maximum length,
and distribution 5 provides for 0 length with probability ,01; this re-
sults in a difference in the total range and in the mean and standard de-
viation of xcrams collected (Sce Table 4.1).

The validity of the use of the non-linear tactor L® has not been
established for vacuum cleaner or claw collection svstems. It is believed
that nonc of the sample collection systems under development gatier mater-
ial in a manner which can be described as a linear function of an adhesion
factor, Distributions 1, 2, and 4 can besaid to represent varying degrees
of control that might be exercised over the quantities collected and/or the
division of a single sample into a number of aliquots. The results of sim-

ulated collection runs at thesc values are provided primarily for purposcs
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of comparison with the more realistic string internretation cf the model.

Tables 4.2 and 4.3 show the results of varying delta and lambda jn
terms cf the resulting means and 50% confidence limits on the number of
organisms collected. Table 4.2 shows the actual population means and ranges
with all values scaled to 10° in order to simplify commarisons, Table 4.3
shows the confidence limits represented as a multinle of the mean.

[f we interpret xgrams as corresronding tc millicrams, then it will
be seen that delta = 6 corresponds tc relatively heavily populated 2arden
soil, delta = 4 represents relatively thinly populated areas and delta = 1
represents an unusually barren surface, Lambda values svecify the home-
geniety of population in the vicinity of the lander, Although populaticn
densities mav be supposed to vary along the path traversed by the string
much more than would e indicated bv any of the values of lambda emploved,
the mixing effect of dragging the string acress the ground so that it
samples populations all aleong 1ts path could be supposed to reduce nonu-
lation variance within the collectgd sample considerably, Lambda = 0,5
is therefore not an unreasonably 1Sw value, although lambda = 1,0 may be
encountered in many areas on carth., The smallest value of lambda simulated
is 0.1, and it is believed to represent an unrealistic degree of homogeniety,
such as could be achieved only if a singlc sample were carcfully mixed and
then subdivided inteo two alicucts for two different cultures, An examin-
ation of the results shown in Tables 4,2 and 4.3 revecals the following:
1. Although the mean population values at each pair of delta-lambda values
vary with maximum string length (as would be expected), the ranges of values

in the 50% confidence inteval are insensitive tc length distributions,
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They average about 4 to 1 for lambda = 0,1, 8 to 1 for lambda = 0.5 and
are greater than 25 to 1 for lambda = 1.0,

2. There is relatively little overlap among the ranges of nopulation
values resulting from different assignments of delta,

3. The population means and the ranges in the 50% confidence interval
do not vary greatly with string length distributicn if delta and larbda
arc held constant. The means do not vary by mere than about 2.5 to 1,
4. The means and ranges vary areatly as a’function of delta. Since
this is truc even for string lengta distribution 1 (cerresronding to
fairly close control cver the quantity of material collected), onc mav
conclude that growth and metabolism experiments ought to be designed so
as to accommodate great variations in innoculun nopulation size.

Ponulation Variation and Lffectiveness of Controls

Althougn the effects of innoculum size on duration of the lag period
are not, to our knowledge, wcl. understood, it can be exnected that the
time required for a "responsive' culture tec rcveal its presence varies
witi the size of the innoculun, Effective control is achieved only when
the innoculum populations do net differ greatly in magnitude. Therefore,
one figurc of merit that may be applied to collection systems is the amount
by which the populations in two simultancously collected samples can be
expected to differ, Table 4.4 shows the ratios of the larger to tine smaller
population cbserved in morc than 480 simulated two-string collection experi-
ments run at each pair of delta and lambda values., The smaller of the
two tabulated figures is the estimated 50% confidence limit: fifty per

cent of the pairs of populations collected will differ a factor greater
than this value. The larger of the two tabulated values corresponds to
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the 68% confidence limit: 10% of the collected nairs of samples will differ
in magnitude by a facter at least this great.

| If we assume that control is '"good" if the populations differ by not
more than a factor of 4, "marginal'' if the populations differ by not more
than a factor of 12, and otherwise 'inadecuate', then cxamination of Tables
4.4c and 4.4c revecals that good or marginal control is achieved in more
than 50% of the simulated runs vith the modeled stickv string svstem, ilow-
ever, for any given set of values of delta and lambda, the probability of
inadequate control is at least .16 (as revealed by the tabulated 68 per
cent confidence limit).

It will be noted that although the effects of string length distri-
bution are not great, distributions 3 and 5 anpear to exhibit somewhat
greater control effectiveness than the other distributions. Distribution
5 (corresponding to the longer stickyv string svstem) shows greater control
effectiveness than distribution 5 (which has a shorter maximum string length)
primarily because the mean population is larger for the former and the

latter includes some strings of 0 length.
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4,3.3.3 Effects of “lachine Variables

The machine portions of the simulated exrerinent are the secruencer
and the five mechanical onerations wiiich must be nerforned if an attemnt
to rather two samnles on the two strinss is to he successful, The nodel
nrovides for two kinds of "integration' of machine functions, Tho fact
that one mechanical unit--the wind-u» motor--is comrnon to both strinz
svstems nrovides a limited dezree of intezration in that failure of
this unit to onerate results in failure of hoth striag svstems, The
remainin; two mechanical onerations associated with string collection--
the firint of the nrojectiles and the breakin: of the amnules--arc inde-
rendent in that machine malfunction in one of thesc units does not
affect the nrobhability of functioninz of the corresnondin: unit of the
other svstem, If the nrogram control unit onerates nerfectly to nrovide
a sequencing siznal everv time one is needed, then the offects of
assigned nrobabilities of oneration of each of the five mechanical
comnonents may be examined. Table 4,5 shows such cffects when each of the
mechanical components is assigned the same nrobabilitv of functioning.
Five hundred simulated runs were conducted at each set of values., The
frequency with which at least one string was successfully denloved is
shown in column 1; the freauency with which both strings were denloved
is shown in column 2, The effects of having both strin: svstems share a
cormon mechanical unit are exhibited in columns 3 and 4. Column 3 shows
the frequency with which at least one strinz system successfully com-

rleted all onerations; column 4 shows the freaquency with which both string
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svstems successfully comnleted all onerations, so that a nair of cultures
was started. Tne frequency with which the total svstea failed on account
of failure to rewind the strinzs is shown in column 5, and the freauency
with which the total svstes failed for anv other reasen is shown in column
6. The nrobability of successful oneration of anv sinzle machine function
mav he sunnosed, in real svstens, to be at least .99, iiowever, four
sualler values were also run hecause each of the five simulated functiens
renresented in this model mav be suwosed to corresmond to the onerations
of a nunber of distinct machine cormonents whose ioint nrohability of
successful oneration is likelv to be less than .99, It will be noted
that the frejuencv with which hoth collection systems onerated successfully
dromed of{ sharylv with decreases in the nrobahilitv of functionina of
tne five mechanical units modeled, in a manner characteristic of
intesrated svstens.,

Tne model of the sequencer eanloved nrovides control over another
kind of integrating element. Lvery time the sequence unit fails te enit
an annronriate signal, its orobability of correct functioning is Jecre-
mented by an amount cqual to n, Larje values of n corresmond to control
units with little redundancy in which there is a relativelv hiah de:ree
of correlation among failures, If the unit is sufficientlv damaged to
f2il once, then it is likelv to fail azain in the near future. Small
values of m corresnond to relativelv redundant svstems which contain
back-un control clements, Table 4.6 shows the cffects of threec different
values of m when probabilitv of machine oneration and initial »robability

of sejquencer function arec sct to .9%. Columns 1 throuth 1 are the
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same as tae correshonding colurms of Table 1,5, Coluan 5 sanws the
frenuency with which tne wind-un motor failed to operate Jdue either to
~echanical fatlure or te fatlure to ohtain a senuence simnal,  Columa G
shows the {reauency at whica the svstem failed hecause the soruencing
unit had ceascd to oncrate at all {»rebadility of scauence function e~unl
to or less than zero), coluin 7 shows the freaucncy of svsten failure Jdue
tn all other causes and column S shnows the mean value of thie ~rohanility
of seauencer oneration at tie end of the simulated exreriment, It wwill
e aoted that the frenuency with which bhoth strin~ svstems successfulls
coomleted all emeratiens does not varv sreatly with m, It is obvious
that if havin' two cultures is deemed cssential to the success of the
exnorinent, tien redundancy of senucence control is not necessart; such
redundancy is usctul onl+ when the exnerinent is viewed as at least

aartiallv successful when one strin: svsten functions successfullv,
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PUEABILITY D% OCCHRENCE

DISTRIBITION 1 2 3 4 5
String
Len~th
0 A2 L
1 0L 1 A2 AL
2 .01 .02 A3 S
5 .1 .25 ) 13 .35
1 od .40 09 A5 .50
5 A W25 .35 13
O .1 04 .50 12
7 .01 .12
lenzth 1.5 + 0.3 1.0+ 1.0 5,25 + 1,0 5.5 + 2.2 3,28 + 0.9
X TS 119 + 75 96 + 70 160 + 102 1530 + 130 66 + 16

TASLE 4.1

Five strin; lenzth dJdistributions and resultinz mean and standard
devittions of string lenzth and xaorams collected,
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Geometric 'lean Biological Samnle Load and 59% Confidencs Linit,
All entries should be rmultinlied bv 1 x 10

6

Table 4.2a Lenath Jistribution 1

0.1

0.5

1.0

N.0091
0,0052 - 0,0158

8.95
3.99 - 20,1

8§52
477 - 1520

0.0095
0.,0033 - 0,0255

.47
3,58 - 25.0

0957
234 - 3910

00,0096
0.0020 - 31,0171

J
~J
WIS

92n
176 - 4820

Table 4,2b Lenuth distribution 2

0.1

0.5

1.0

0.0066
0.0035 - 0,0124

6.47
3,37 - 12.5

682
367 - 1270

0.0073
0.0026 - 0,0203

6.91
2,51 - 19,0

763
291 - 1990

0.0064
0.0018 - 0,0346

7.90
1.52 - 41.1

676
130 - 3510
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Table 4.2c Lenzth distribution 3

0.1

A

0.5

1.0

1 0.0119

0.0064 - 0,022

0,0116
0.0023 - 1,031

0,0157
n.0026 - 0,072

1 11.5 12.0 13.8
6,2 - 21,4 1,5 - 32,0 2.6 - 71,2
6 1160 1140 1260
647 - 2090 320 - 3070 238 - 661D
Table 4.2d Lencth distribution 4
g 0,1 0,5 1.0
1 0.0066 0.0069 0.0059

0.0025 - 0,0172

4 5.63
2,08 - 15,2
6 600
219 - 1660

n,0021 - 06,0227

6.30
1.82 - 21,9

611
196 - 2670

0,0008 - n,0400

603
101 - 3830



HAMILTON STANDARD
DIVISION OF UNITED AIRCRAFT

Table 4,2¢ Len_.:thxiistribution 5

0.1

n,Ss

1.0

0.0044
0.0023 - 0.0086

4,26
2,25 - 8,08

458
231 - 906

01,0048
0.0017 - 0,0131

4.58%
1,75 - 12,0

457
179 - 1230
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0,01048
0,0009 - 0,0265

5.02
0,95 - 43,9

150
§7.1 - 2109
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Table 4.3 Fif{ty Per Cent Interval as ‘lultinle of Geonmetric 'lean Load

Table 4.3a Len:th distribution 1

A

Fo) 0.1 0.5 1.0
1 .58 - 1,73 0.36 - 2,73 0.20 - 4,91
4 -2 0,38 - 2.64 0.20 - 4,97
6 .56 - 1.78 0,24 - 4,08 0.19 - 5.24

Table 4.3b Length distribution 2

S 0.1 0.5 1.0

1 0,54 - 1,88 0,36 - 2,80 18 - 5,41
4 0,52 - 1,93 0.36 - 2,75 .19 - 5,20
6 0.54 - 1.86 0.38 - 2.6] 0.19 - 5,19

Table 4.3c Lennth distribution 3

A

b 0.1 0.5 1.0

1 0,54 - 1.85 0.20 - 2,67 0.19 - 5.26
4 0.54 - 1.86 0.38 - 2.67 0.19 - 5.16
6 0.56 - 1.80 0,37 - 2.69 0.19 - 5.25

Table 4,3d Length distribution 4

A

d‘ 0,1 0.5 1.0

1 0.38 - 2,60 0.30 - 3,28 0.14 - 6.78
4 0,37 - 2,69 0.29 - 3,48 0.18 - 5,57
6 0,36 - 2.77 0,32 - 4,37 0.17 - 6.35
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6

Table 3,3e Lenzth distribution §

0.1

1.0

()052 - 10(.)5
0,52 - 1,90

0.50 - 1,98

0.39 - 2,69

4-40

0,19 - 5,48
0,19 - 8,7
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Table 4.4 Ratios of larser to snaller nonulations sinultaneous!ivy
collected, 50% and 68% confidence intervals,

Table 4.4a Length distribution 1

0.1 0.5 1.0
50% 68% 50% 68% 50% 6%%
1 2.1 10,2 1.2 71,2 9.6 776.9
4 2.2 10,0 4.0 59.7 9.7 838.6
6 2.3 11.5 3.9 55.0 10,4 10240
Table 4.4b Lencth distribution 2
0.1 0.5 1.0
50% 68% 50% 68% 50% 68%
1 2.6 14,8 4.1 71.5 11.2  1258.8
4 2.4 14,7 4.1 69.4 9.9 a31.7
6 2.4 13.8 3.7 53.8 10.4 10204
Table 4,.4c Lenath distribution 3
0.1 0.5 1.0
50% 68% S0% 68% 50% 65%
1 2.3 12.7 1.0 61.6 11.2 1115.9
4 2.4 13,7 3.9 60.8 10,9 1013.4
6 2.3 11,0 3.8 57,2 10,2 1030.7
Table 4.4d Length distribution 3
0.1 0.5 1.0
50% 68% 50% 68% 50% 638%
1 3.8 54,3 4,7 129.2 14,2 2757.9
4.1 61.8 5.4 176.0 10.1  1229.,0
6 4,2 69.9 5.8 207.2 2.3 1904.0
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Table 4,4e Lencth distribution §

0.1 n,5 1.0

503 6% 505 685 595 633
1| 2.3 14.6 1.6 78,2 10,9 1108,8
4 2.7 16,5 3.1 ol,4 9.5 0}, 5
6 | 2.6 18.0 1,0 2.4 10.5 969,
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Prohabilitv
of Tmeration

39 59 967 o 536 “hoR -
.98 .98 .942 .96 .$99 022 -
.07 074 018 ,048 .356 038 .
.03 020 L8l .866 696 048 003
.90 003,738 .816 602 .102 011

Table 4.5 Lffects of Commonent elinbility on Total Svsten Function,
The sequencint unit was assumad to function merfectlv, Tabulated
nrobabilities of comnonent oneration were assitned to all five
mechanical units simulated. Colums 1 throu:n 6 show freruencies
»er thousand sinulated exrerinents at whica the followin~ occurs:
Column 1, at least one strinz successfullv denloved;

Column 2, both strinzs successfullv denloved;

Colum 3, at least one strin; svstem successfully cormloted all
onerations;

Coluen 4, both string svstems successfullv commleted all onerations;

Column 5, total systen failure due to failurc of wind-un motor;

Column 6, total system failure due to all other causcs combined.
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Value of

m 1 2 R 5 6 2 g

05 066 872,032,804 052 a-a- .002 074
10 L9052 .8/ S0s 0,792 038 aa-- .00 L9690
.50 944 LR47 906 . ~8 042 LOR2 00?2 LO50

Table 4.6 LEffects of Oifferent \nrints of Redundancy in Control dnit
Functionins,
Initial »nrobability of sequencer {unction = ,98, all nmechanical ‘unctinn
arobabilities = .98, m is value b wihich sejuencer function nrobability
reduced after each failure, colirins 1 thouth 7 are {renuencies ~er
thousand attermts 1t which tine followiny occurred:
Colum 1, at least one string denloved;
Column 2, both strinis denlnvad;
Colunn 3, at least one strin; svstem successful;
Column 4, both string svstems successful;
Colum 5, wind-un notor failed to function (due either to machine
failure or scquencer failure);
Column 6, sequencing unit ceased to oncrate;
Column 7, svsten failurc due to all other causes combined;
Colunn 8, mean nrobability of sequencer function at end of
exnerinent,
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5.0 BANDWIDT: I REQUIRE IENTS 4 o

data transmission requirements constitute one of tiae several criteria
which can be used in tae selection of candidate fartian life detection
ex»erinents, Tne amount of intellirrence which must be transaitted in
order to nermit adenuate internretation of the exneriment varies aons
tne several classes e¢f exneriments. Since each hit of transmitted in-
formation can be directlv converted into mass of nower sirwIv and data
transmission equinment, the data reaquirements of a :iven exneriment is an
imhortant »arameter of teotal 1lifted navlead,

Communication theory sets bounds on the rate at waich information can
he transmitted over a channel of arbitrarv noise-content subiect to a
riven mean square (or otier) criterion of fidelity., In addition, com-
munication theorv establisnes the existence of an asvatoticalv most-
efficient-encodins for anv messare source of arbitrary structurc but, in
reneral, does not nresent constructive formulae for constructinz such
encodiny for all cases.

In order to construct an ontimum, or necar o~timum, encoding of a messave
source it is necessarv to first snecify what features cr »arameters of the
orizinal siznal must be transmitted in order to convev tac desired in-
tellizence to the receiver, Following this sten and using the nresumed
noise content of the channel, thc required averaze rate of transmission,
and information rezarding source of noise or bias that nav be contributed
bv the instruments emnloved in conductin; tiic experiment, a suitable
communication svstem can be desi;jned and which will incornorate the

desired level of redundancy,
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A orelininary study was made on the several classes of candidate
“fartian life dJdetection exreriaents durins this renortins »eriod in oraer
to obtain insight into thc tvnes of <signal »arameterization renuired for
adequate interaretation of tihe exneriment, mnowledoe of such ~aran-
eterization would serve as a necessarv first sten in devisiny efficient
codes. This studv, however, did not extend to detailed s»ecificatinn of
such codes, since tac naraneters of tihe »hvsical commmnication cruinments
of the mission arc as vet uns»ecified,

5.1 Tvme \ Exnerinents

Increase in cellular ponulation over time. These are microbial rowth

studies in which, ideallv, we test the hvnotnesis that:
Ind = 1ni, + B E (1)

where InN is the natural loraritin of N, the number of cells »er unit
volirne at time t, The objective of interest is value nff?, tie Trowta

N
rate of the orzanisms, Tne figure of merit is V(b) tnc stinle variance of

b which is an estinate of,B commuted from the data, \11) is of course
also commuted from the data so that it, too, is an estinate of V(h) tne
"true" variance,

Since (it is hored) that tie investizator can snecifv in advance the
maznitude of V(b) he is »remared to tolerate we take tihc latter as a desitn
naraneter,

Let time t from the start of the ex»neriment be divided into intervals

At. Then owin: to tne lack of nerfect control, etc., in the nicrobial

aronatater, the munber of oruanisms at the end of the i th unit of At

v
'
1
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will be:

Z. = 1y, = 1InN_+Ei B +C3) (2)
1 1 0 7
where ii is a random biolo:ical variate with zoro ex-cctation and

A
variance £ (€°13) =@ 2. 2y is now subjected to clectrenic neise €,

and dizitization tise € 4o Wit

[[]

E(€ i) = DE(ED = o

E(@i;) = iel, - LEEep’ = a1

wiere Zs is the interval between digitization levels,

These two noise sources are added at each transmission of :i to vield:

x. =z, + €, +€; (3)

1 1

wilich is tihe auantitv actuallv transmitted to earth :i'

It can be shown that:

b = Xn-Xo €))

N

i.e,, the last less tne initial received datun divided bv the tectal tire,
is the best estimate b of f? .

The exnected variance of b is:
2
EV(b) 1= o +a6y +4/6 5)

o . S .
lhe nuantity A can be cquated to C, where C is the full scale
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outnut cof the detection device and r is tihe number of hits =er datirn, I°
T 1s the total number of data bits available durint the lifetine of an
exneriment, taen ex»ression (5) is minimized b

N = 0.0T {6)
lo1;,(0.231C2 1/6'3)

. . . . .. . .
If the biolozical variance, Cfi is scaled 1n terms ¢f the narameter b

where:
V.o .
03 = 27 C2(0.231)
tnen r=V/2and N = 2I/V,

In zeneral, tiis class of exnerinment (as suczzested Hv the SWP
SEDANKEN simulation) requires moderatelv large nuibers of cauis»aced
ohservations with rcelatively siall nmimbers of bits ner obscrvation.

In several variations of this class of ex»~eriment, it is to be
anticinated that narticles of fartian material will be introduced into the
culture chaber and will thus interfer cor be aliassed with the ~roduction
of cellular material, This condition will require that tic local

sintmun he detected of a time function cf the tvne:
. . t -kt
X = A ((Z" + )

where fg is the ~rowtn rate of thc orzanisms and K is the idealized
settline rate of the narticles,
The nrecision with waich the ninimun can be detected demends eon the

relative maznitude of fg and K and on A t the samlinz interval,




"HAMILTON STANDARD
DIVISION OF UNITED AIRCRAFT

tJ

Neasonable estimates of f? and K can he used to estimate reasonat le
values of At which in turn will »rovide bnounds cn N, tho mmher of
samle noints required and thus on T the total nunber of hits whics must
he nrovided, Exmeriments of this class are net demandint in total mumber
of Hits reauired,

Tve B Lxoeriments

In tais class of exreriment the nresence cf viable orzanisms is
detected bv their abilityv to convert a labeled sunstrate to a netabolic
aroduct. Denerallv the total amount of metabole liberated u% to tive t
is measured,

Since the *otal aumber of orzanisms is changing during the exmerinent
due to a birth and death-»rocess, the rates at winich nroduct 1s liberated
chane as functions of the chanes in size of the viable »onulation,

The zeneral form of the res~onsc of the svstem can be renresented bv
an intesral equation of the form:

yle) = 3, F(e=N RAIJA +R(0)
where T (@) is a '"metabolizina" function and R (@) is a substrate "'sunnlv"
function. Althouzh a zood deal of theoretical work on the form of these
functions has been carried out both here and elsewhere, the unavailability
of nrecise information on the form of these functions makes detailed
analvsis imnossible,

Ermmirical observations on svstems of this class sugcest that functions
of the tvme where A is a function of the initial biologic inoculum are
moderatelv jood annroximations of the observed resnonse of the svsten,

In seneral, it can be shown that the same considerations amnlving to
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5.3

the Tvme A exneriments, namelv, freauent samling with a relativelv small
number of intellirent bits »er samle ammlv eauallv well to the ~resent
class of exrerizent,

Tve C Ixneriment

In this class of exneriment intellisence is contained in a signal which
varies in time in such a fashion as to describe a series of neaks ef
different wiJdths, amnlitudes and shames., The examnle which has been
studied is the 7as chromatozranh, the detector output of which consists
of a series of Raussian snaped neaks it the column materinl is amronriately
desicned so that it cffectivelv senarates all commonents of the sarmled
mixture, If effective semaration of all commonents is not achieved, then
ncaks will not be well senarated; some mav be skewed, and some will he
sunerismoscd on one another so as to avmear assvmetrical, and the bhascline
from which the well senarated neaks emerce will be seen to shift in a
comlicated fashion and mav a’mear to have a number of small iazred
variaticns immosed on it,

We mav usefullv distinguish between those commonents which the column,
the detector, and the related sarmle injection and temnerature control
rezimen are snecifically desitned to detect, and the residue of materials
in the samnle which are not well senarated, The neaks corresrondinn to
the former are Gaussian in shave and the width of each neak is verv
small relative to its amnlitude, The »resence of the components which
are not well separated is revealed either as skewed or lummy 'neaks' with
wide base and ill-defined maxiﬁa; or as smooth or jazzed variations in the
base line wnich may be thought of as confoundinz effects of commonents in

which there is little interest,

(92 ]
[
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If the ex»erimenter wishes onlv te recover information rezarding the
nrescence of the commonents for whose detection the instrument is well
adanted, then a number of alternative coding »rocedures with Jifferin:
bandwidth requirements are available., If thesc neaks are %aussian in
shane, and if  40lT, ek € 1 is the hase width of the narrowest neak of

interest, then the Fourier srectrun of the siznal

2 o ] 2
FW)=\lexn (-1/2 " T W),

w in radians/second, T = total len:th of the time axis and A\ is an
arbitrarv constant,

A "naive'" codinz nrocedure which sarmles the amlitude of the detector
outnut sisnal at ecqual intervals of time reauires 31,4k T sarmles/second
to recover 95% of this snectrum, This naive codins leads to inordinately
hizh bhit requirements and results in what might be considered excessivelv
rood resolution. For examnle, a total record of 30 nminutes with 16 T =]
sccond requires 2,26 x 105 samles or 125,5 »mer second. If it is desired
to measure the maximm amrlitude with an accuracv of a-mroximatelv ¢ 1.5%
then 6 bits will be required to transmit each sammle, and a total of
anmroximately 1,25 x 106 bits will be required. Such a coding scheme
will resolve almost nerfectly all neaks of base width 1 second or more,
and will also describe the behavior of the basc line; it will do so no
matter how manv neaks occur durins the 30 minute neriod, nrovided thev
are senarated by a distance of at least onec second,

The level of resolution obtained is unnccessarilv hizh, and ex»nerience

suczests that an equal interval sammlinc scheme involvinn no more than 5

S -7
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samnles ner second is likelv to be adecuate, Such 1 najve cnding »re-
cedure renuires 54 x 103 hits to transmit a 30 minute chromatosran ne
matter how many »caks it contains,

This naive codin scheme is hizhlv inefficient if the nuaber of “eaks
about wnica data is desired is small. In such cases it is much more
cfiicient to devise a code which uses the available bits to transmit in-
foraation only about the behavior of the waveform in tacse roions wiere
interestin: ~e1ks occur, and to trans:zit no inforaation about the hehavier
of the detector outnut at otiaer tires, Scveral neak Jetection and encedin.
schenes have been investisated, A1l are similiar in that the aumber of
hits rewired to transnit Jdata re-arding detocted »eaks varies with the
nurver of neaks occurrin: and is verv low for the exnected number of
neaks,  Thus all reauire far fewer bhits than the naive schene, and
nrovide ejual or better resclution wiere resolutien is exoressed as
function of the width of thé narrowest weak detected,  Thev differ in
resnect to the fidelity with whicn the oricinal detector out»ut can He
reconstructed fron transmitted messaces, the kind and nuber af »aaks
ibout which information is transmitted, and the =enalties resultins from

corruntion of those messaces due to comwumnication noise,
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These schemes are briefly described below:

1. Peak amplitude and timec. This system requires a differentiator which
calculates the slope of the detector output signal, and a clock which mea-
sures elapsed time in suitably small increments. The output of the deteétor
is positivc and the output of the differentiatoer is zero whenever the de-
tector output reaches a local maximum., At these times a message corres-
pending to the amplitude of the detector output (peak height) and the
elapsed clock time (retention time) is transmitted, The number of bits re-
quired to describe n peaks is n (i + k) where there are 2J amplitude in-
tervals measured and the total duration of the experiment is divided into
2% time increments. Thus, if j=6 and k=11 (which will be the case if the
experiment lasts 30 minutes and time resolution to the nearest second is
desired) then only 4250 bits will suffice to describe a chromatoéram of
250 peaks,

The disadvantage of this system is that all local maxima will re-
sult in the transmission of a message indicating that a peak has occurred,
so that slow shifts in the baseline corresponding to confounding due to
components which are not well separated, and wide, ill-defined peaks can-
not be distinguished from the narrow well-separated peaks of interest.
These, however, can be readily filtered out by several techniques such as
discriminating among maxima as a function of one or more of the following:

(a) The slope of the curve immediately preceding and foliowing the
maximum, so as to eliminate those with gradual slopes.

(b) The value of the peak amplitude, so as to eliminate peaks close

to the true baseline,

5-9
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(c) The amount by which the detected local maximum differs from tac
value of the preceding minimus (where the minima are detected as alternate
zero outputs from the dJifferentiator) so as to eliminate the small iagged
wiggles and peaks frequently surerirpesed on other peuks or on the base-
line,

(d) Peak width as determined by the time clapsing between the two
ninima adiacent to the ncak, so as teo eliminate those which arc toc wide
or teoo narrow to be of interest,

1f Jiscrimination procedures such as these are employed, then recks
not filtered out can be easily reconstructed from tie reccived data, since
every messape describing a peak can safcly be interpreted as corresponding
to one of a small class of "well separated’ peaks of known shape. This
will also result in further reductions in the number of bits which must be
employed, since if only 50 of the 250 peaks have tne desired shape, only
850 bits will be required to describe these, Coding schemes very similar
to that described herc are favored by many experimenters,

Although this scheme requires very few bits and greatly sirplifies the
interpretation of the experimental results, it restricts the class of com-
pounds about which information is received to those which the GC is specifi-
cally designed to detect. If compounds of this nature are not present in
the sample examined, then no information describing the behavior of the
detector output signal will be received. In those cases in which tne GC
is to be used solely to detect identifiable components with known paysical

properties (and in which the experimenter has considerable advance infor-

mation regarding the identity of the compounds which are likely to be present

-5-10
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in the sample) the restrictions resulting from such a coding procedure are
not undesirable, A good examp1¢ of such an experiment is that of the analy-
sis of the atmesphere of Mars; specific GC's with restrictive data cnceding
schemes are acceptable because there is considerable advance information about
the identity of tne components which are likely to be present, and the GC
can be designed to resnond specifically to these,

liowever, if we consider possible anplicaticns of (C techniques to sit-
uations in which there is muca less advance infermation about the possible
constituents of the éample, it becomes obvious that a restrictive coding
scheme may be less desirable in that it limits the number of compounds avbout
whicih information is received to those which the GC is specifically designed
to separate and detect. In such situations a GC designed to look only for
a limited class of commonents cannot be so easily justified, and there may be
a need for data encoding schemes which are capable of providing information
about the occurrence of compenents which are not well separated, for use
with "general purpose' GC's, or to decrease somewhat the selectivity of special
purpose GC's., Several such schemes were nostulated and compared with the
restrictive coding scheme described above., Only one will be described here
since it has not been possible to cvaluate the differential advantages of
the several schemes, and all of the others are variations of this procedure.
2. Local minima, maxima and zero level dJetector., This schemc emplovs the
same differentiator and clock as that described above, but employs simple
logic to examine the signal amplitude at every occurrence of a local minimum

and maximum, and to distinguish the times at which the signal arrives at

or departs from the true baseline from maxima and minima occurring above

5-11 " .
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the bascline. The messages transmitted are:

(a) Signal amnlitude and clock time at every time the value of the
differentiator output changes sign and the sicnal amplitude is not zero,
(These are local minima and maxima),

(b) Clock time alone at every time the differentiator output departs
from zero or becomes zero, if at that time the value of the detector signal
is zero, (This corresponds to the times at which the simnal departs {rom
and declines to the true baseline),

This procedure will permit the experimenter to distincuish several
peaks occurring close together in time cven if the signal does not decline
to the baseline between them, Thus, tall narrow peaks corresponding to
"well separated' components can be readily distinguished from ones which
are wide or skewed, or which correspond to large numbers of components which
are not well separated., The number of bits required to transmit each peak
denends upon whether they are superimposed on the true baseline. 1f so,
3k + i bits will suffice., If the peaks are separated by non-zero minima,
then 2(j+k) bits will be required for each. Since this system will provide
much nore information about the behavior of the outnut signal than will the
preceding one, it will in general require far more bits. For example, if
half the peaks require 2 (j+k) bits and half require 3k +j bits, then a
250 peak chromatogram will require 9250 bits for its transmission, as
opposed to the 850 required for the more restrictive system which filters
out all but 50 of the peaks. lowever, the resulting representations of the

signal contain considerable redundancy due to the fact that minima and maxima

must alternate, and departures from the zero baselinec must be preceeded by
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arrivals at it. As a result, it is less ;eadily corrup;ed by communication
noise,

It will be noted that this pnrocedure mav have some use in identifving
bias or machine error of other kinds, Its primary utility, however, lies
in the fact that it reduces the specificity of the chromatograph experiment
at a relatively slight cost in bandwidth, while retaining the advantage
inherent in the fact that the shapes of all "well separated" peaks of
interest can be easily reconstructed from the received data, It should
be pointed out that the restrictive coding scheme requires equally com-
plex logical circuitry if good neaks are to be filtered from bad ones, and
if tﬁe height of these peaks relative to the shifting ''baseline' is to be
distinguished. The advantages accruing from reduced specificity of the

overall experiment have not been evaluated.

5-13
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0.0

PROBLEMS OF THE DESIGN AND MANAGIMENT OF SPACECRAFT STERILIZATION PRO-

CEDURES.,

bDuring the past year prelininary studies were made on tic general
problem of spacecraft sterilization, These studies were designed to
elucidate (1) the naturc of the nominal level of spacecraft and missicn
sterility specificed by national pelicy, (2) the cost of attaining a
specified level of component sterility in temms of the reliability of
the component, (3) the assay procedures and nuality control techniques
to be employed to insure that a given class of component actually com-
plieé witihh the nominal or target level of sterility srecified for it,

For a large class of components, attainment of a given level of
sterility will be achieved by imposition of process control accompanied
by sampling followed by (possibly) destructive microbioleogical assay.
uality control tests bascd on microbiological assay are subject to
error variances considerably greater than those associated with conven-
tional quality control tests by variates. In situations of this class,
there exists a question of how to determine near optimal assignments of
the total quality control budget to a fraction, f, assigned to monitor-
ing the process and a fraction (1-f), to sampling and testing the pro-
duct itself. This situation is the classic decision problem as applied
to quality control but with the added dimension of diminution in commo-

nent reliability as a conscquence of sterilization,

6-1
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The relationship between level of sterilization and the reliability of a com-

ponent may be symbolized as:

P )
U
t

-T, (R;)
T2(C;)

n
v

where:

reliability after sterilization

b
+*

= reliability before sterilization

contamination after sterilization

()
*
"

) contamination before sterilization
The symbols T, and Ta denote particular transformations of the initial states
of the components. The structure of J; ,Ty reflects the particular sterilization
procedure used, Clearly, the ideal procedure is one in which:
Rs - R;
Cs

To(c;)i.c., it is one which does not
affect reliability.

The structure of'T,’ , 7—2 is obtained empirically from experimental data. These
experiments entail errors, however, of the form e'/'lz’__; ea.ljz-a. where , , Cq are
the costs of the experiments. Since C,_ is a biological variable, in general we
may assume @,<< €, and € 5 ~C. C,' is the initial microbiological contamination
of the component and its level detemines in part the nature of thely which must
be applied to reduce C; ko C;. The quantities C,' andc; , however, can only be esti-
mated by microbiological assay which entail error ofe,_IJE.'” e‘lz‘ where @, is, agair
the intrinsic error of the assay andcsa Cy are the assay costs.

If C;_ois the quality level assigned to the component we arc requircd to select

a T,_such that the probability that C‘( C”is not less than some quantity J-ek .

6-2
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To meet this constraint we rust utilize assay data on q* and select a 7

such that due allowance is made f{or the errors in constructingE and

the errors in assessing 0/ . In general, large errors in 72’:md in tne

assay lead to the selection ofgg which must include large safety factors.
"Rigorous"gshowever will, in general, tend to reducef{, or increase

the cost of components with average ( = /ﬁ(o.

During the course of any future cfforts we plan to further ex-
plore the usefulness of general models of sterile spacecraft fabrication
in order to determine the areas in which detailed analysis offer good

prospects in improving operaticnal efficiency,

6-3
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ANALYSIS OF EVALUATION PROBLEMS ASSOCIATED WITH VISUAL RECONNATSSANCE
EXPERIMENTS

Introduction

Life detection by means of photographic surveys.on a macroscopic or
microscopic scale has frequently been proposed, and these proposals have
great appeal even though it is recognized their cost is enormous when
considered from the point of view of the bandwidth required *¢ transmit
photographic data. The chief appeal of photographic experiments lies in
the fact that visual evidence is the most compelling evidence normally
utilized in confirming the presence of organisms, and it is possible to
conceive of many kinds of things that might be portrayed in a photograph
and which would constitute entirely convincing evidence that life exists
on Mars. Considered on the basis of the bandwidth required to transmit
it. one such picture might be well worth the cost. The liklihood that
such a photo will be obtained is much more difficult to estimate, and
consequently visual reconnaissance experiments are very difficult to
evaluate.

The need to attempt some such evaluation derives from the fact that
transmitting visual data requires exceedingly large communication
capability. Tor example, the power used to transmit a medium quality
photograph by means of the sterilized battery-powered direct communi-
cation systems considered for a Mariner-type lander corresponds roughly
to a minimum of 100 to 150 lbs of battery. Estimates are not firm. A
medium quality photo consisting of a 500 by 500 array of points each of

which may take on one of 8 brightness levels requires .75 x 106 bits to
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transmit the brightness information alone and an additional .25 to .75 x 10
bits will be required to provide limited registration data. for a total

of 1L to 1.5 x 106 bits.* Each pound »f battery may be somewhat opti-
mistically supposed to permit the transmission of 10,000 bits of tiis

data. It is obvious that even if power is not supplied by batteries

and the weight penalty per bit is much lower, photographic data will

still be relatively costly. Consequently a brief study was undertaken

to identify some of the factors which should be taken into consideration

in evalusting the worth of visual reconnaissance experiments and the

terms in which such an evaluation might best be expressed.

The problem of evaluating visual experiments is one of estimating the
liklihood that the transmitted photos will be recognizable photos of
recognizable objects of biological significance as a function of (a) the
location and manner in which the photographs are obtained and (b) the bits
allocated to their transmission {number. size, contrast levels and grain
of the pnotos). Three questions are relevent here: !now likely is it
that a biologically significant object will be encountered in the field
of the camera and how does this vary wita the scale and the manner of
meking the photo? How likely is it that an object of Martian biological

significance will be recognized as such, and how does the recognizability

¥*

If the transmission system were purely digital and the transmission of

each plcture point did not occur in some predetermined sequence then

coding such a picture would require complete registration information

(e.¢. a message describing %CCurately the location of each of the 250
thousand points) or 15 x 10° bits. The sequential nature of the trans-
mission system reduces the amount of re%istration date which must be sent,
but it can be estimated that a 1.5 x 10° bit picture would still be slightly
fuzzy.
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or the relisbility of a given interpretation vary with‘the number and
detail of the photos and the manner in which they are made? Are there
prectical ways in which the number of bits required to transmit signifi-
cant visual information can be reduced, by suitably coding each of the
photos to eliminate much of the redundancy. by aut-matic selection
techniques which select only the "best" photographs for transmission, or
even by substituting a suitably programmed computer on Mars Ior the
observing human eye? BRBecause this last question requires a survey and
evaluation of current work in visual data processing, it was not
thoroughly explored during the reporting period. Consequently the
resﬁlts of this aspect of the study will not be reported, except to say
that no proved and reliable picture coding technigques seem to be
available (although some very promising approaches are under development.)
The following is a summary of the conclusions developed during the
reporting period. Because microscopic and macroscopic visual reconnais-
sance have been proposed for somewhat different reasons, and represent
somewhat different evaluation problems, these will be discussed separately.

Microscopic Visual Surveys

The objective of a microscopic visual survey is to search for
microorganisms on Mars. The advantages of microscopic as opposed to
macroscopic visual surveys are primarily derived from assumptions that
the number of organisms per unit area or unit volume of the surface of
Mars is a decreasing function of size of the organism. This seems to be
a reasonable assumption in view of the fact that this 1s the case on

earth. Another plausible argument put forward in defense of such
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experiments is that single celled or small organisms indigenous to Mars
are more likely to be identifiable from pictures of them than are larger
organisms. If These assumptions can be accepted as valid, then evaluating
microscopic vicual experiments is a matter of determining the probability
that a good "recognizable" microphoto of a Martian organism will be
obtained as a function of the following:

The number of photos transmitted

The resolution of each photo

The manner in which the photos were obtained, including

resolving power of microscope, number and freguency of photos

per field of view and changes in such varlables as [locus,

phase contrast, etc,

Treatment of the sample, including use of stains, elimination

of particulate matter, and other separation techniques.

A brief consideration of these factors lead to the following

interpretations of their possible significance:

Te2,1 The greater the resolving power of the visual system, the more photos
are necessary to inspect a given quantity of sample. If a phase contrast
light microscope is used and if light intensity, phase, and focus are
fixed, then many of the resulting microphots might be unrecognizable due
to thé fact that these settings are inappropriate to the object (whether
biological or not) observed. Allowing these variables to vary in some
fixed way for each fleld inspected, and transmitting all the resulting
photos would increase the probability that at least one of these photos

was appropriate to the object encountered, but at the high cost associated
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T.2.2

T.2.3

T.2.h

with the extra transmission.

An ordinary light microscope with less resolving power would not
require varying the phase contrast or, possibly, focus, but it could
not resolve organisms less than some fixed size. If the size-freguency
assumption that larger organisms sre less frequent is valid, then the
larger organisms detectable by means of a light microscope would Be less
numerous and consequently proportionately more quantity of sample would
have to be visually surveyed in order to insure a given level of
probability of encounter with at least one organism,

The average number of microorganisms per unit of material examined
might be increased by techniques which séparate them from inorganic
particulates, but evaluation of alternative separation techniques and
selection of the best ones assumes more knowledge of these organisms and
of the properties of the surface matter than is now available.

Martian mierocorganisms might not be clearly recognizable as such.

It is not easy to distinguish between living and non-living matter even
when we have a great deal of information sbout the sample and can control

many aspects of the visual situation; we recognize things best when we

know what we are looking for. Living organisms are most readily recognized

because of the way that they move or because they possess clearly
recognizable organelles. If moving pictures are not transmitted, then
it is unlikely that movement can be employed as a recognition property.
(No automatic scan techniques capable of distinguishing the distinctive
movement characteristic of living organisms from other kinds of move-

ment are now available). Organisms not possessing clearly recognizable
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and distinctive organelles or other component features in common with
their terrestrial counterparts might be unrecognizable as such. and at
present we have no grounds for assuming such similiarities. It has ueen
claimed that trained biologists can rerceive and distinguish general
aspects of "regularity" which characterize all living organisms, Lut
this claim has not been tested and the difficulties associated -iithn
interpreting the photos of "organized elements" in carbonaceous chondrites
would tend to suggest that the presence of similiar "regularities" in
Martian microphotos would not constitute conclusive evidence even thoush
it might be very interesting evidence. Color contrast: obtained

through the use of selective stains would aid identirication, but might
require addition bits in order to take full advantage of the information
present in the differential response to the stains.

Macroscopic Visual Surveys

Macroscopic surveys have been recommended on the gounds that the
number of photos required to scan the immediate vicinity of the lander
is not great, especially if the area is scanned by a slow moving camera
with a pinhole aperture, which insures great depth of field. {If more
conventional techniques are used than the number of photos depends on the
size of the area to be surveyed and the detail desired. )

If the objective is to identify purely biological objects - presumably
vegetation or even animals - then considerations analogous to those

mentioned in connection with microscopic surveys are relevant.*

We have not yet considered the possible biological significance of

terrain surveys which do not provide portraits of Martian plants or animals.
Terrain studies may be presumed to provide much useful information of
indirect biological significance.
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A biologically significant object of appropriate scale to be resolved
may not exist in the area to be surveyed. The size-~frequency assumption
suggests that there may be no advantage in decreasing the resolving power
of the system in that large plants or animals are proportionately less
common. (Evidence of biological activity other than plants or animals
themselves would seem to be more readily obtained by chemical means than
by means, e.g., of a single visual scan of the vicinity of the lander. )

Photographs may be hard to interpret reliably. Although pictures
might appear to reveal plants or animals, the likelihood that they will
is a fUnction of the likelihood that Martian plants or animals share
visual properties with terrestrial ones. Even if photos appear to reveal
biological objects, these effects might be false positives due to
terrain features, shadows, and so forth., Ruling out such sources of
false positives might be done simply and effectively by comparing photos
taken at different times so as tc rule out shadows and detect changes in
position whieh might be correlated with temperatures and time of day.
Color is an important visual index and comparisons of visual and IR photos
might also provide useful data. The value of a visual survey not extensive
enough to permit such checks is very questionable in that it might not
reveal anything visually interesting and even if it does such photos
cannot be reliably interpreted as providing conclusive evidence. The
frequency of "false positives" which result when attempts are made to
interpret the significance of arbitrary photographs has not been studied
directly. However there is much data regarding the effects of context,

emotional state and prior knowledge on the perception of non-photographic
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visual data to suggest that the interpretation problem will be a severe
one. Unless experiments which demonstrate the contrary can be conducted,
it would be very unwise to suppose that Martian biota will be readily
recognized from photographs,

T4 Preliminary Conclusions

The preceeding examination of tactors relevant to the evaluation of
visual experiments suggests the following tentative conclusions:

Toh1 The value and conclusiveness of limited visual surveys, whether
macroscopic or microscopic, deypend upon the validity of the assumption
that recognizable organisms of appropriate size exist in the vicinity of
the lander.

T.h.2 The capacity (number of photos) and level of sophistication required
in a reliable visual experiment is a function of the visual similarities
between terrestrial and Martian organisms. The more closely the
photographed orgainsms resemble terrestrial organisms, the less need for
large amounts of visual data which will enhance the recognizability of
microorganisms or rule out false positives in macrophotos. If Martian
life forms satisfy geocentric assumptions, a limited visual reconnaissance
experiment may provide useful evidence. The more the environment and
life forms of Mars differ from those of Earth, the less likely it is that
a batch of photos collected in a predetermined fashion will contain an
unambiguous picutre of an organism.

T.4.3 Much relevant experimental data regarding the ability of trained
biologists to interpret reliably the kinds of photographs which might

be obtained from experiments of this nature can and should be obtained.
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8.0

STATTISTICAL MEASURES OF LIFE-LIKENESS

One of the problems associated with the design and implementation of
a2 near optimal strategy for the biological exploration of Mars is that of
identifying a suitable set of recognition properties upon which decisions
regarding the probable presence or absence of life can be based. Desirably,
such recognition properties should satisfy ﬁhe following conditions:

1. They should be properties whose occurrence cannot readily be

explained in terms of abiological mechanisms; if possible they should

be unique to living systems.

2. They should be general properties which can be expected to

characterize all living systems, even the most alien.

One property which has frequently been proposed as the primary
characteristic distinguishing living from non-living systems is the high
degree of orderliness such systems exhibit as a concommitant of the fact
that they are not in thermo-dynamic equilibrium with their envircnments.
It has been frequently observed that such systems contain "information"
or "negentropy", which fact is reflected in their metastability and in
the observed high degree of structural end functional organization they
poOssesse.

This idea of the fundamentally organized nature of living systems is
so central to all concepts of the nature of life that it may be supposed
that all living systems will exhibit orderliness no matter how alien in
origin or structure they may be. The property of orderliness thus satisfies
the two conditions listed above. It 1s not, however, a useful property

on which to base decisions regarding the possible presence 2{. life on
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Mars because general procedures for dectecting and estimating the amount
of order present in systems--on earth or elsewhere--have not been developed.
Until such procedures become available and make it possible to test
experimentally the claim that living systems are highly ordered--and in
this respect differ sharply from non-~living systems--this assertion must
be dismissed either as an empirically meaningless statement or as a
metaphorical, (and not particularly useful) way of describing other
properties known to occur in living systems.

During the reporting period just completed the principle investigators
initiated a Jjoint study with Dr. J. E. Lovelock of the University of
Houston, directed toward exploring the possibilities of generating
useable measures of the amount of order exhibited by living systems.

Dr. Lovelock has demonstrated that certain hydrocarbons of & crude oil
approaching thermo-dynamic equilibrium are highly disordered relative to
comparable hydrocarbons in samples of recent biological origin. This
difference in orderliness can often be determined by inspection of
chromatograms of the corresponding materials. ZEven when such differences
in orderliness are not readily discernable to the neked eye, appropriate
comparison of the observed distribution to a suitably defined random one
reveals such a difference.* The objective of the jéint efforts undertaken
with Dr. Lovelock has been to develop a special purpose measure of

"information" common two chromatograms, and to devise and test the

*

The actual techniques employed to effect such a comparison and the results
of several analyses will not be described here as they were developed by
Dr. Lovelock and Mr. Peter Simmons, also of the University of Houston,

and are the subject of a forthcoming paper.
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8.1

efficacy of alternative procedures for estimating the "amount of order"
observed in a single chromatogram. Because relatively few definitive
results have been achieved so far, we will confine this report to a
presentation of the general orientation of the current work and brief
description of the nature of the efforts completed to date.

Orientation and Approach

A 1iving system msy be conveniently viewed as a collection of
component chemicals each of which may be described in terms of physical
and chemical properties such as molecular weight, free energy of formation,
kind and number of its atomic constituents or other relevant deseriptive
properties. If we know the relative quantities of each component present
in the system, then the total system may be described in terms of the
resulting distribution of each property employed in characterizing the
components, or in terms of the Joint dilstribution of two or more such
descriptive properties. Each system 1is one of many possible conflgurations
of its component chemicals, and each distribution of descriptive properties
is similiarly one of many such configurations of descriptive properties.
Both the system configuration and the property distribution may be
probable or improbable ones relative some reference sets of which each
may be said to be a member. To say thaé the entropy of the system is low
relative to some reference class consisting of different chemicals of
known relative abundances is equivalent to saying that the system
configuration is unlikely to occur as a result of some known or assumed

process which selects samples from the reference class. Similiarly, to
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say that some distribution of descriptive properties appears ordered
(and hence indexes the relative unliklihood of the original system
configuration) is equivalent to saying that the distribution is also
unlikely to occur as the result of some assumed property distribution
generating mechanism. In order to determine whether e particular system
(or its corresponding distributions of properties) is improbable it is
necessary to identify a relevant reference class and to determine the
relative probability of occurrence of the system 1n question in that
reference class (together, perhaps, with an estimate of the total
nunber of possible configurations and the relative liklihoods of each).
Given an appropriate reference class, an estimate of the number of possible
different system configurations and their relative probsbilities of
occurrence may either be deduced from theories regarding the processes
which give rise to the reference class, or may be approximated through
empirical observation of a large number of representative members.

Thus the problem of developing a restricted measure of information
of the kind desired may be viewed as one of estimating the probabllity
of occurrence of an observed collection of chemicals under the assumption
that this collection represents a randomly selected sample of the
chemicals in some reference class. Two collections of chemicals can be
sald to share information to the extent that subsets of each are
sufficiently similiar to have been generated by random selection from
the same reference class. A subsidiary and more general problem is that
of estimating the relative liklihood of a given collection when the

parameters of the reference class are not known with certainty.

8 -4
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Activities to date

The efforts applied to this problem have consisted of a) statistical
analysis of the distributions of straight-chain hydrocarbons of varying
sources and ages, and b) development of a number of computer implementable
models to aid in the theoretical examination of alternative proposed
information measures. These efforts are briefly described below:

1. Comparison of distributions of alkanes in samples of biological

and gbiological origin. Several conventional non-parametric statistical

tests have been used generate estimates of the liklihood that two
observed alkanes could have been obtained by various kinds of "random"
selection procedures from the same reference class. Although these
tests differ in the extent to which they reflect known differences

in origin of the materials, most of the differencés revealed by these

tests were in the right direction.

2. Model building. The models which have been defined (but not yet

programmed ) include:

a) A stochastic model of a simplified "chemical evolution"
procedure which gives rise to a large number of chemical species
and thus provides a mechanism for generating arbitrary reference
classes defined in terms of relative abundance and persistance
of the various species. This model can also be used to effect
arbitrary ageing of a given system by degrading its components
and gradually driving them to a state of internal equilibrium.
b) A system generating model which draws samples from a

reference class in a variety of prescribed ways, some of which
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give rise to biased samples.

c) A general purpose model of an idealized gas chromatograph
which can be used to stimulate a chromatographic analysis of a
simulated material system. This model provides for modifying
in a semirandom way the separation and response characteristics
of the simulated chromatograph so as to glve rise to
chromatograms which are realistic in that only a few of the
volatile components of the sample yileld clear well defined
peeks. This corresponds to the case in which only a little of
the sample can be analyzed and in which there is as & result
great uncertainty regarding the actual parameters of the
reference class. (This model has already proved useful in the

bandwidth allocation studies desecribed earlier.)




